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ABSTRACT 
The inland region of the McMurdo Dry Valleys (MDV) of Antarctica represents a 
subzero, hyper-arid endmember for physical weathering, and is Earth’s closest terrestrial 
analog to the Martian surface. In order to document the style and rate of rock breakdown 
in this region, I conducted field-based, experimental, and numerical modeling studies of 
supraglacial debris (Mullins till) on Mullins Glacier. These investigations were designed 
to (1) quantify the rate and processes of physical breakdown of surface rocks on Mullins 
till, particularly of Ferrar Dolerite, (2) determine the efficacy of thermal stress weathering 
as an agent in rock erosion, and (3) examine the role of physical weathering in altering 
the sublimation of buried glacial ice. 
Results from morphometric field surveys characterizing changes in rock shape, 
strength, and small-scale surface features, coupled with an iterative cosmogenic nuclide-
based age model for Mullins Glacier, show that total erosion rates for clasts of Ferrar 
Dolerite on Mullins till range from 1.1 to 15 cm Myr-1. In situ field measurements of rock 
surface temperatures and local ambient conditions recorded at 15-second intervals, 
combined with a numerical finite element model elucidating changes in internal rock 
  viii 
temperatures and associated strain, show that thermal stress weathering is sufficient to 
induce spalling by propagating existing microcracks of ≥1.1 cm that typically occur at the 
base of thin, mm-scale alteration rinds. The implication is that thermal stress weathering, 
previously undocumented in this region, may account for >80% of the total estimated 
erosion of Ferrar Dolerite. Furthermore, the spalled fragments (up to 5% of Mullins till) 
provide a negative feedback that slows the rate of subsurface ice sublimation and internal 
vapor diffusion. Experimental analyses in a controlled environmental chamber set with 
Mullins till and driven by local meteorological conditions measured in the field yields an 
average effective diffusivity of 4.5 x 10-6 m2 s-1 for Mullins till and annual rates of buried 
ice loss of <0.068 mm (assuming Fickian diffusion); these values are consistent with 
theoretical estimates, demonstrate the importance of physical weathering in modifying 
supraglacial deposits, and support arguments for persistent cold-desert conditions in the 
MDV for the last several million years.  
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CHAPTER ONE:  
Introduction 
 
1. McMurdo Dry Valleys 
 At > 4000 km2, the McMurdo Dry Valleys (MDV) comprise the largest, 
contiguous ice-free region on the Antarctic continent. Located in East Antarctica, within 
the Transantarctic Mountains (TAM) between 77-78° latitude, the MDV are situated 
between the East Antarctic Ice Sheet (EAIS) and the seasonally ice-free Ross Sea (Figure 
1.1). The MDV are composed of three major east-west trending valleys; each valley is ~ 
80 km in length and up to ~15 km wide. Surface elevation generally increases from 
eastern, coastal regions towards the western MDV, where the high elevation terrain of the 
TAM acts as a natural barrier to outlet glaciers that partially drain the EAIS; only one 
outlet glacier, Ferrar Glacier, is able to flow fully over this barrier to reach the coast; 
other outlet glaciers, such as Taylor and Wright outlet glaciers (Figure 1.1) terminate on 
land. Beyond these outlet glaciers, the MDV contains many alpine glaciers, which 
descend from steep valley walls and are sporadically recharged by snowfall and 
windblown snow from the polar plateau. 
 
1.1 General geology 
 The craton of East Antarctica is largely composed of granite and metamorphic 
rocks formed during the Cambrian-Ordovician Ross Orogeny; the Ross-age granites, 
marbles, schists and gneisses are all unconformably overlain by Devonian to Triassic-
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aged sedimentary rocks of the Beacon Supergroup (Barrett, 1981). Jurassic-aged 
magmatic intrusions, part of the Ferrar Supergroup, crop out as sills and dikes of Ferrar 
Dolerite 100s of meters thick (Encarnacion et al., 1996).  The TAM itself represents an 
uplifted rift flank margin that formed from lithospheric extension (Fitzgerald et al., 1986) 
commencing during the late Cretaceous time  (Fitzgerald, 1992; Gleadow and Fitzgerald, 
1987). In the western MDV, outcrops of the Beacon Supergroup and Ferrar Dolerite 
dominate the landscape, whereas the basement complex is only visible in low-lying 
valleys and areas near the coast. 
 
1.2. Microclimate zonation and the stable upland zone (SUZ) 
On the basis of measured meteorological conditions and mapped landform 
assemblages, Marchant and Head (2007) divided the MDV into three microclimate zones.  
The coastal thaw zone (CTZ) encompasses the MDV region closest to the Ross 
Embayment. Soils in this zone display thick, > 40 cm, saturated active layers (>30 % 
water/ice content by volume) (Campbell et al., 1997); annual precipitation is ~50 mm 
water equivalent (Fountain et al., 2010) and summertime temperatures rise above 0°C. At 
the other extreme, the stable upland zone (SUZ) refers to the inland-most and highest-
elevation portions of the MDV (Figure 1.1); in this location, the average summertime 
temperature and humidity are ~ -10.5°C and 44%, and liquid water is rare and ephemeral. 
Dry active layers with < 5% gravimetric water content are the norm (Campbell et al., 
1997). The inland mixed zone (IMZ) represents a transitional climate between the CTZ 
and SUZ endmembers.  
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 The hyper-aridity and year-round subzero temperatures of the SUZ makes it an 
archetype end member for cold, dry surface processes, and our closest terrestrial analog 
to the Martian surface. Volcanic ashes occur on – and within – landforms in SUZ, and the 
oldest ashes (40Ar/39Ar analyses of glass shards and volcanic crystals, (Marchant et al., 
1996)) suggest long-term climate and ice-sheet stability over millions of years. 
Importantly, hyper-arid, cold climate conditions, similar to those present in the SUZ 
today, have likely persisted for at least the last 13 Ma (Lewis et al., 2008; Lewis et al., 
2007). 
 Given these cold-desert conditions, exposed rocks in the SUZ are most impacted 
by mechanical-weathering processes, including wind faceting and aeolian abrasion 
(Bockheim, 2010; Lancaster et al., 2010; Lindsay, 1973), salt weathering (Allen and 
Conca, 1991; Johnston, 1973; Strini et al., 2008), surface pitting (Head et al., 2011; 
Staiger et al., 2006), flaking/spalling (Campbell and Claridge, 1987), and grussification 
(for coarse grained cobbles). 
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Figure 1.1. Overview of the MDV and the SUZ. The SUZ is outlined in yellow; the location 
of Mullins Glacier in the Quartermain Mountains is represented by the white box. 
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2. Mullins Glacier 
 Mullins Glacier is a debris-covered, alpine glacier located in the Quartermain 
Mountains of the SUZ (Figure 1.2). The glacier is ~8 km in length and flows from its 
headwall in Mullins Valley to its diffuse terminus in central Beacon Valley. It is covered 
with a layer of sediment 0-70 cm thick, informally termed Mullins till (Kowalewski et al., 
2011). Mullins till originates via rock fall at the head of Mullins Valley, with rock fall 
debris following both supraglacial and englacial pathways. Mullins till thickens as 
sublimation of underlying ice brings englacial debris to the surface (Mackay et al., 2014). 
This "sublimation till" protects the underlying ice from rapid sublimation in the dry 
environment (Kowalewski et al., 2006; Kowalewski et al., 2011). Repeat interferometric 
synthetic aperture radar (InSAR) measurements of Mullins till over a three-year period 
show that Mullins glacier flows horizontally at a maximum velocity of ~40 mm yr-1 near 
the headwall in Mullins Valley, and decelerates to < 1-2 mm yr-1 (within InSAR 
measurement error) in Beacon Valley (Rignot et al., 2002).  Mullins till is punctuated 
with arcuate ridges, thought to represent changes in englacial debris concentration that, in 
turn, reflect small-scale climate and environmental fluctuations at the valley headwall 
(Mackay et al., 2014). The till also exhibits meter-scale sublimation polygons, each 
formed by thermal cracking of underlying buried ice (Levy et al., 2006; Marchant et al., 
2002). Due to its similarity in morphologic form, Mullins Glacier has been targeted as an 
excellent terrestrial analog for debris-covered glaciers on the surface of Mars (Levy et al., 
2008; Marchant and Head, 2007; Salvatore et al., 2013). 
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Figure 1.2. Southward view of Mullins Glacier. The headwall in Mullins Valley is visible in 
the background. White, dashed arrow represents the flow direction from the headwall into 
Beacon Valley (foreground). 
 
  
  
7 
3. Overview of dissertation 
 In this dissertation, I examine the style and rate of mechanical weathering in the 
SUZ, and study its impact on the sublimation of shallow, buried ice. I focus on Mullins 
Glacier, which reportedly is >> 1.6 Myr (Yau et al., 2015) and possibly > ~8 Myr 
(Marchant et al., 2007). The focus is on small-scale processes that, over the time scale 
considered here, have the potential to drive major changes in landscape and regional 
topographic evolution. These small-scale processes include the spalling of mm-scale 
flakes on exposed rocks, mm-scale surface pitting, and – through experimental studies -
minor vapor diffusion through porous media. The results have implications for the 
longevity of buried ice deposits, rates of landscape evolution in polar deserts, as well as 
Antarctic-Martian analog studies. 
 Chapters 2, 3, and 4 of this dissertation are structured as free-standing, separate 
papers. Chapter 5 provides a brief summary and the general conclusions of the work. 
 In Chapter 2, I investigate the efficacy of thermal stress weathering in generating 
mm-scale spalls on the surface of Ferrar Dolerite clasts. Using field measurements, in 
concert with a finite element model and linear elastic fracture mechanics, I show that the 
detachment (spalling) of mm-scale flakes of Ferrar Dolerite is likely possible through 
thermal fatigue alone, and that this represents one of the most dominant forms of 
mechanical weathering in the region. Of critical importance is the high-magnitude 
thermal variation induced by solar heating and convective cooling by katabatic winds.  
 In Chapter 3, I examine the influence of Mullins sublimation till, which itself is 
modified by mechanical weathering and flake formation of its capping dolerite, on the 
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rate of underlying ice loss. The experimental study makes use of an environmental 
chamber capable of recreating Antarctic conditions to calculate vapor diffusion through 
Mullins till and the potential for long-term ice preservation. Incorporating a model for 
changes in sediment temperature, we calculate the annual ice loss expected from distal 
regions of Mullins Glacier; the results from this experimental approach, the first of its 
kind in the MDV, are in accord with recent theoretical estimates of ice loss based solely 
on numerical modeling (Kowalewski et al., 2012; Kowalewski et al., 2006; Kowalewski 
et al., 2011). 
 In Chapter 4, I determine the overall rate of clast erosion on Mullins Glacier. I 
calculate the relative contributions of spalling, surface pitting, and aeolian abrasion, and 
conclude that mechanical weathering via spalling and pitting account for a majority (> 
99%) of the total estimate for present-day clast erosion. In addition, the results suggest 
that spalled fragments add significantly to the matrix of Mullins till thereby increasing till 
thickness and decreasing rates of underlying ice sublimation. 
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CHAPTER TWO:  
Modeling thermal stress weathering and the spalling of Antarctic rocks: 
implications for landscape evolution in cold-desert environments 
 
Abstract 
Using a combination of in-situ field measurements, laboratory analyses, and 
numerical modeling, we test the potential efficacy of thermal stress weathering in the 
spalling of alteration rinds observed on clasts of Ferrar Dolerite on Mullins Glacier. We 
find that thermal stresses at the base of weakened rinds ~2-mm thick reach 0.15 MPa 
during the austral summer. Using a linear elastic fracture mechanics approach, we 
conclude that pre-existing microcracks of > 1.1 cm are required for the process to be 
effective under present-day meteorological forcing. The expected (and measured) 
increase in porosity of alteration rinds, relative to unaltered rock interiors, facilitates 
thermal stress crack propagation through a reduction in fracture toughness. Additionally, 
crack propagation is likely assisted by limited near-surface cryoturbation, which enables 
slow crack propagation to result in flake detachment/spalling on timescales of ~105 years. 
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1. Introduction 
The spalling and detachment of thin flakes from exposed rock surfaces is an 
important erosional process operating across a range of rock types and climatic settings. 
Understanding the precise mechanisms responsible for spalling helps elucidate rates of 
long-term erosion and landscape evolution (Marchant et al., 2013), assists in the 
development of process models used to interpret measurements of cosmogenic-nuclides 
in surface rocks (Gordon and Dorn, 2005; Mackay and Marchant, 2016), and documents 
the potential for degradation of building stones, rock art, and monuments (Benito et al., 
1993; Cardell et al., 2003; Hall et al., 2007; McCabe et al., 2013; Mol and Viles, 2010).  
 The primary mechanisms for spalling vary with target lithology and local climate, 
but typically include oscillations in rock temperature and moisture; several studies 
implicate strong thermal gradients within the host rock, as well as additional stresses that 
arise from a mismatch in thermal properties between adjacent mineral constituents (Tang 
and Hudson, 2010). For porous rocks that occur in temperate regions where substantial 
moisture is present, spalling may be facilitated through the freezing of pore water, the 
hydration of clays, or the crystallization and subsequent hydration of salts (Matsuoka, 
2008; Matsuoka and Murton, 2008). However, in dry and cold desert environments, such 
as those in the Transantarctic Mountains, Antarctica, the detachment of mm-thick flakes 
from exposed rock surfaces is thought to arise from thermal stress weathering (Campbell 
and Claridge, 1987; Hall, 1999), though no detailed studies have yet confirmed this 
process.  
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The high-elevation regions of the McMurdo Dry Valleys (MDV), Antarctica (e.g., 
the stable upland zone of Marchant and Head (2007) and Marchant et al. (2013)) are 
ideally suited to test the efficacy of thermal stress weathering in Antarctica because liquid 
water is rare (Kowalewski et al., 2006; Kowalewski et al., 2011; Marchant and Head, 
2007), erosion rates are among the lowest on earth at ~5-50 cm Myr-1 (Margerison et al., 
2005; Nishiizumi et al., 1991; Schäfer et al., 1999; Summerfield et al., 1999) (and not 
overshadowed by the geomorphic action of abundant meltwater or secondary mineral 
formation), and diurnal temperature fluctuations on rock surfaces approach 30°C (Hall, 
1999; McKay et al., 2009). Although the spalled fragments observed in the McMurdo 
Dry Valleys are thin (1-4 mm) and relatively small in size (1-4 cm in diameter), their 
local abundance implies that spalling may be a critically important geomorphic process in 
this environment – one that is envisaged as an excellent terrestrial analog for Mars 
(Berkley and Drake, 1981; Friedmann et al., 1986; Levy et al., 2010; Marchant and Head, 
2007; Wentworth et al., 2005; Wierzchos and Ascaso, 2001).  
In this study, we attempt to unravel the origin of mm-scale Ferrar Dolerite spalls 
in the MDV. We test thermal stress weathering as a possible detachment mechanism 
using a combination of field measurements, as well as thermal stress and fracture 
mechanics modeling. 
 
2. Background and physical setting 
This study focuses on the mm-scale surface spalling of dolerite cobbles that armor 
Mullins till, in Mullins Valley Antarctica (~77.9°S, 160.5°E). Mullins till is a thin, 5 to 
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70-cm thick, supraglacial deposit that in stratigraphic section rests with smooth, dry 
contacts on underlying glacier ice (Kowalewski et al., 2011). The buried glacier, 
informally termed Mullins Glacier, originates from a local ice-accumulation zone at the 
headwall of Mullins Valley and flows slowly down valley, decelerating from a maximum 
horizontal velocity of ~40 mm yr-1 (measured ~1 km from the valley headwall) to < 1-2 
mm yr-1 (stagnant, within InSAR measurement error) on the floor of upper Beacon Valley 
between ~5 and 8 km from the headwall (Rignot et al., 2002) (Figure 2.1). The age of 
Mullins Glacier and overlying Mullins till increase with progressive transport distance 
down-valley, and recent studies suggest that at about 4.5 km from the headwall the ice is 
> 1.6 Ma (Mackay and Marchant, 2016; Yau et al., 2015). 
Annual and summertime mean atmospheric temperatures near the study site are    
-23°C and -11°C respectively (Kowalewski et al., 2011), and snowfall is < 50 mm yr-1 
(Fountain et al., 2010). With the exception of minor snowmelt on solar-heated rocks, 
most snowfall quickly sublimates in a matter of hours. Given these conditions, Mullins 
till is exceptionally dry with < 5% gravimetric water content (Kowalewski et al., 2011) 
and subsurface ice loss is entirely by sublimation. Rates of ice sublimation are dependent 
on the thickness of the overlying till, and decrease as a function of increasing till 
thickness. At the study site, where Mullins till is ~15-cm thick, modeled rates are ~0.3 
mm yr-1 (Kowalewski et al., 2011). 
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Figure 2.1. Overview of the McMurdo Dry Valleys. Mullins Glacier is outlined by the white 
box; the stable upland zone (SUZ), representing the coldest and driest portion of the MDV 
is outlined in yellow. Mullins Glacier begins in Mullins Valley and flows midway into 
Beacon Valley in the Quartermain Mountains. 
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Given the noted climate conditions, saturated active-layer cryoturbation is 
essentially non-existent within Mullins till: clasts at the surface of Mullins till tend to stay 
at the surface (Marchant and Head, 2007). They are not subjected to repeated episodes of 
burial and re-exposure as is typical of cobbles in regions with saturated active layers in 
the Arctic (Hallet and Waddington, 1991), or even in the relatively warm, low-elevation 
coastal regions adjacent to McMurdo Sound (Marchant and Head, 2007). 
Mullins till is derived entirely from rock fall at the valley headwall (Mackay et al., 
2014). Additional inputs from mass wasting along valley sidewalls or from basal 
regelation are unlikely; topographic depressions separate Mullins Glacier from valley 
sidewalls and modeled basal-ice temperatures are well below the pressure-melting point 
(Mackay et al., 2014). The rock fall debris that lands on Mullins Glacier is fresh, and 
lacks evidence for chemical alteration or the spalled surfaces examined here (Mackay et 
al., 2014).  
 Although initially fresh in appearance, rock fall debris that is transported at the 
surface of Mullins till for 105 to 106 years undergoes slight chemical alteration, visible as 
a progressive darkening and smoothing of the clast surface and, in cross section, as a 
slight reddish discoloration within the outermost 1-4 mm of the rock (Figure 2.2). Subtle 
changes in surface-rock chemistry are apparent in visible/near infrared (VNIR) 
reflectance and mid-infrared (MIR) emission spectroscopy, but X-ray diffraction analyses 
reveal no definitive changes in mineralogy between clast interiors and altered rinds 
(Salvatore et al., 2013); visible chemical alteration is instead indicated by discrete zones 
of discoloration that coincide with increased Fe3+/Fe2+ ratios. Salvatore et al. (2013) 
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noted that these minor chemical changes are likely due to an oxidation potential that 
drives the migration of divalent cations (Mg2+, Ca2+) from the altered rind to the rock 
surface.  
 Taken together, the data for the well-defined source area for input of fresh clasts 
via rock fall, the long-term transport history of these clasts, the persistent cold-desert 
climate conditions, the exceptional ground-surface stability, and the relatively minor 
chemical weathering over the past 105 to 106 years makes Mullins till an ideal natural 
laboratory in which to test the development and resultant products of thermal stress 
weathering. The exposure duration for the cobbles and boulders analyzed in this study, 
estimated by integrating the modern horizontal ice flow velocity back in time (Rignot et 
al., 2002), imply continuous exposure for the past ~100 to 150 kyr (see also Mackay and 
Marchant, 2016).  
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Figure 2.2. The evolution of a Ferrar dolerite clast on the surface of Mullins Glacier. The 
rock falls off of the headwall cliff onto the glacier with a freshly exposed surface (left). It 
then begins to develop a thin reddish-brown rind (middle) which increases in maturity and 
thickness until it detaches from the rock in a flake several millimeters thick (right). 
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3. Approach 
To test the potential efficacy for thermal stress weathering in producing spalls and 
partially detached flakes on exposed clasts of Ferrar Dolerite on Mullins till, we first 
determined the distribution and morphology of actively spalling cobbles and boulders at a 
location ~2.5 km down-valley of the Mullins glacier headwall. We then measured 
temperature variations on the surface and underside of partially-detached flakes on 
dolerite clasts, as well as coeval variations in atmospheric temperature, relative humidity 
(RH), wind speed / direction, and solar irradiance. Further, we also measured changes in 
surface albedo as related to surface alteration, rind formation, and spall development. 
Collectively, these data are used as input into a COMSOL Multiphysics finite element 
method (FEM) model to calculate the maximum thermal stresses achieved at the base of 
low-albedo alteration rinds. The model results are coupled with calculations for the 
standard mode I stress intensity factor, as well as the threshold stress intensity factor for 
subcritical crack growth, to assess the likelihood that the development and detachment of 
alteration rind flakes could be accommodated solely by thermal stress and the resultant 
propagation of existing micro-fractures.  
 
4. Field and analytical methods 
4.1 Field measurements 
 We examined the spatial distribution of alteration rind spalls by analyzing 400 
clasts within a 500 m2 area in Mullins Valley, centered at ~2.5 km from the glacier 
headwall (77.88530°S, 160.54861°E). We also measured the thickness of 25 partially 
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detached rind flakes using digital calipers, and measured the abundance of detached 
spalls in the surrounding surface sediment. 
 Two dolerite clasts (JKC-1, JKC-2) that displayed partially detached, altered 
surface flakes were instrumented with temperature sensors to measure detailed 
fluctuations in rock-surface temperature. On each rock, two fine-wire thermocouples 
(Campbell Scientific, FW3) were attached to partially detached flakes: one on the flake 
surface, and another on the underside of the flake (Figure 2.3). The extremely small wire 
diameter (0.003 in) of these thermocouples minimizes solar loading on the sensing wire, 
which is ideal for surface temperature measurements in this study region. On JKC-1, a 
third thermocouple was placed on a light colored area of the rock from which a flake had 
likely been detached (Figure 2.3). The data were stored by a CR850 Campbell Scientific 
datalogger. The thickness of the instrumented flakes was 1.89 mm for JKC-1, and 1.90 
mm for JKC-2. 
 Several additional sensors (Onset, HOBO) were deployed to track micro-
meteorological conditions at the study site. First, a pyranometer was placed to monitor 
solar irradiance at each study clast. Second, at the JKC-1 site, a dual air temperature / 
relative humidity sensor was housed in a radiation shield at ~10 cm from the ground 
surface, and an anemometer was deployed on a 2-m tripod to measure ambient 
temperature, wind speed, and wind direction. Given the proximity of the two monitored 
clasts (< 50 m), we assume the meteorological data applies equally to both JKC-1 and 
JKC-2. All sensors recorded measurements at 15-second intervals, in accordance with 
studies proposing that high-frequency temperature measurements are required to 
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determine the likelihood of thermal stress weathering (Hall, 2003; Hall and Andre, 2001). 
Micro-meteorological measurements were collected from 11/13/2010 to 12/10/2010 (a 
total of 28 days).  
 In order to investigate the influence of aspect on rock surface temperatures, three 
partially detached flakes with different aspects were instrumented with thermocouples in 
the same manner as described above. The three flakes were located on two dolerite clasts 
situated within 3 meters of each other in Beacon Valley (77.87442°S, 160.54042°E). The 
first clast (JKC-3) displayed two flakes, one on the top surface (flat) and another on its 
southeast face (strike 57°E, dip 85°SE). The second clast (JKC-4) displayed a single flake 
located on its northwest face (strike 76°E, dip 72°NW). To determine the timing of solar 
radiation normal to each face, we installed three HOBO pyranometers: one was placed 
adjacent to clast (JKC-3) and situated perpendicular to the top surface; the two other 
pyranometers were attached perpendicularly to the southeast face on JKC-3 and northeast 
face on JKC-4 (Figure 2.4). The pyranometers were not used to determine the exact 
magnitude of incoming solar radiation on each rock face, but rather as an indication of 
whether the face was exposed to sunlight or not. All pyranometers were positioned so 
that would not block incoming sunlight from reaching the monitored flakes. Data were 
collected every 15 seconds for 10 days, from 12/30/2012 to 01/08/2013. 
To investigate the potential for thermocouple malfunction / offset, we 
instrumented a fourth dolerite clast with three thermocouples for one day. The measured 
rock surface temperatures made by the three thermocouples differed by < 0.3°C for more 
than 96% of the measured points. This provides confidence that the sensor setup 
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accurately captures rock-surface temperatures, and that our fine-wire thermocouples 
operated within specified parameters, even in the cold-desert environment.  
 
4.2 Calculating reflectance and albedo 
The dolerite rocks at the study site display multiple generations of spalls, each 
showing concomitant changes in color and surface albedo (Figures 2.2, 2.5). To quantify 
better the range of surface albedo associated with the development of multiple 
generations of spalls, we measured reflectance values at Boston University for rocks with 
fresh (unweathered) surfaces, mature alteration rinds, and rock surfaces with relatively 
recent spalls. Using a field spectrometer (ASD, Inc.), reflectance in the 350-2500 nm 
range was measured 10 times on a ~2.5 cm diameter area on each sample surface. If a 
single measurement differed significantly, it usually indicated a poor seal between the 
lens and the sample; these erroneous measurements were discarded. The remaining 
measurements were then averaged to determine a single reflectance at each wavelength. 
We generated a reference solar spectrum for the MDV using SMARTS: Simple Model of 
the Atmospheric Radiative Transfer of Sunshine (Gueymard, 1995, 2001). The power at 
each wavelength (Pi) in the reference solar spectrum was coupled with the reflectance 
data (Ri) to estimate an overall albedo in the 350-2500 nm range as: 
𝑎𝑙𝑏𝑒𝑑𝑜 =  ∑ 𝑅𝑖 𝑃𝑖2500 𝑛𝑚𝑖=350 𝑛𝑚     (Eq. 2.1) 
 
4.3 Scanning electron microscopy and X-ray diffraction measurements 
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Electron microprobe analyses (EMPA) were conducted on thin sections of the 
outer 4 mm of dolerite surfaces using the JEOL-JXA-8200 Superprobe at the MIT 
Electron Microprobe Facility. The samples were first carbon coated, then energy and 
wavelength dispersive spectroscopy (EDS and WDS) were employed to create elemental 
maps of Al, Ca, Cl, Fe, K, Mg, Na, S, Si, and Ti in order to qualitatively determine 
chemical changes between the altered surfaces and unaltered interiors of the sampled 
dolerites.  
Additional scanning electron microscope (SEM) investigations of alteration rinds, 
including surface roughness and crack morphology, were conducted using a Phenom 
ProX desktop SEM at Boston University. These samples were not coated or otherwise 
altered before examination. 
X-ray diffraction (XRD) analyses of the mineralogy of the outer versus inner (~2 
mm depth) rind were made on Boston University's X-ray Diffraction Lab using a Rigaku 
MiniFlex Powder Diffractometer. Diffraction patterns were analyzed using the Jade 9 
data analysis program. 
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Figure 2.3. Field setup for the partially detached flake monitoring study on Mullins Glacier. 
Left: JKC-1 is visible in the foreground, as well as the white case containing the Campbell 
Scientific datalogger, the radiation shield housing the temperature/relative humidity probe 
(Onset), and the wind speed/direction sensor (Onset). Right: The surface of JKC-1 with the 
three fine-wire thermocouples attached. The tips of two of the surface thermocouples are 
indicated with a yellow dot; the black arrow shows the orientation of the thermocouple 
recording the temperature of the underside of the partially detached flake. 
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Figure 2.4. Example field setup for the study of aspect influence on flake temperatures. 
Pictured is JKC-4, with a partially detached flake on the northwest face. The red box and 
arrow indicate the flake and pyranometer respectively. 
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5. Field and analytical results 
5.1 Flake abundance and morphology 
Approximately 49% of clasts examined in the 500 m2 study area (195 out of 400) 
exhibited evidence for spalls and/or partially detached flakes (see also Chapter 4 of this 
dissertation). The spalls and partially detached flakes occur on all exposed surfaces, with 
no preference in terms of aspect. However, they are conspicuously absent from buried-
rock surfaces. The average thickness and surface area of partially detached flakes is ~1.7 
mm and ~2-5 cm2, respectively. Spalls appear as mm-scale surface depressions that 
express sharp changes in surface albedo and surface texture when compared to the 
adjacent rock surface (Figure 2.5). The thickness of spalled and partially detached flakes 
is comparable to the depth of surface alteration observed on clasts at the study site (~1.5-
2.5 mm) (see also Salvatore et al., 2013). An analysis of near-surface samples, each 
averaging 0.5 kg, collected from 0-5 cm depth within the study site shows that as much as 
5% of the < 16 mm, matrix fraction of Mullins till in the study region is composed of 
broken spalled fragments. These fragments are distinguished from typical dolerite grus in 
Mullins till by the presence of a smooth, weathered rind surface on one side of the 
fragment, which is here inferred to reflect chemical alteration on an exposed rock surface 
prior to flake detachment (Figure 2.6). 
  
28 
 
Figure 2.5. A clast displaying three generations of alteration rind spalls. Based on cross 
cutting relations, the darkest portion (upper left) is very likely the oldest surface. 
 
 
 
 
 
Figure 2.6. Optical microscope image of the top of a detached dolerite alteration rind. Flake 
is ~ 2 cm in length. The smooth, glassy surface of the flake is in contrast to the rougher, 
more granular underside. 
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5.2 Rock surface temperature and micrometeorological data measurements 
 The full suite of meteorological data collected for clasts JKC-1 and JKC-2 is 
given in Appendix A. High valley sidewalls in Mullins Valley cause the study site to 
remain in shadow for ~12 hours each day, resulting in a large daily range of rock surface 
temperatures. Detailed examination of the data also reveals that wind gusts and 
intermittent cloud cover produce rapid temperature fluctuations and inversions between 
the surface and underside of flakes, especially when the rock-surface temperatures are 
warmest (Figure 2.7). Measurements of the surface temperature on JKC-1 in a spalled 
region consistently showed cooler temperatures than those for both the surface and 
underside of the partially-detached alteration flake, reflecting the relatively higher albedo 
of recently spalled surfaces compared to mature alteration rind surfaces (Figure 2.8). The 
change in rock-surface temperature, dT/dt, at the top and underside of partially detached 
flakes, calculated using 1-min moving windows, reached as much as 12°C/min and 
8.9°C/min, respectively, and the daily temperature range (Tmax-Tmin) on the rock surfaces 
surpassed 42°C. Temperature gradients across the flakes themselves exceeded 4.7°C/mm 
(8.9°C across the 1.9 mm-thick flake on JKC-2). Results are provided in Table 2.1. 
 Results of the aspect study are given in Figure 2.9 and Table 2.2. The flake on the 
NW-facing side of JKC-4 reached higher temperatures than the flake on the top surface 
and the SE-facing side of JKC-3, likely due to the low solar angles during the austral 
summer. Additionally, temperature data from the underside of the top-surface flake 
shows much faster temperature changes than the other two flakes; this may arise from the 
cooling effect of winds, as the flake opens in the direction of prevailing katabatic winds. 
  
30 
 
Figure 2.7. 2-day subset of partially detached flake surface temperature data for JKC-1. 
Flake thickness = 1.89 mm. Blue = surface of flake, Red = underside of flake. 
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Figure 2.8. Partially detached flake temperature data including the recently spalled surface 
on JKC-1. Color key: blue = surface of partially-detached flake, red = underside of flake, 
cyan = recent spall surface. Top panel shows a two day period. Bottom panel shows a ~ 2 
hour period. The recently exfoliated area does not achieve the same high temperatures as 
the altered flake surface, and is cooler than the underside of the flake (1.89-mm thick) after 
peak solar heating.  
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Figure 2.9. Subset of surface temperature data from rock flakes on dolerite clasts with 
varied aspect. Color key: blue = horizontal flake on top of JKC-3, green = SE-facing flake 
on JKC-3, red = NW-facing flake on JKC-4. Top panel: flake top surface temperatures. 
Bottom panel: flake underside temperatures. 
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Table 2.1. Partially detached flake surface temperature monitoring study data. 
 
 
 
Rock 1: JKC-1 Rock 2: JKC-2 
Top of flake Bottom of flake 
Spalled 
surface Top of flake 
Bottom of 
flake 
Max. |Trock-Tambient| 28.0°C 25.1°C 23.8°C 21.4°C 19.8°C 
Absolute T range 46.8°C 42.8°C 41.5°C 39.1°C 37.9°C 
Max. daily T range 42.3°C 38.2°C 35.6°C 34.4°C 31.7°C 
15
-s
ec
 in
te
rv
al
s Max. dT/dt rate 
Heating 
Cooling 
 
25.4°C/min 
24.2°C/min 
 
5.5°C/min 
7.8°C/min 
 
19.5°C/min 
20.6°C/min 
 
29.8°C/min 
28.7°C/min 
 
29.7°C/min 
28.9°C/min 
dT/dt ≥ 2°C/min 
Total 
Heating 
Cooling 
 
18.5% 
9.3% 
9.2% 
 
1.7% 
0.62% 
1.1% 
 
13.0% 
6.5% 
6.5% 
 
33.4% 
16.9% 
16.6% 
 
19.0% 
9.4% 
9.6% 
1-
m
in
 w
in
do
w
s Max. dT/dt rate 
Heating 
Cooling 
 
6.6°C/min 
8.6°C/min 
 
2.8°C/min 
3.4°C/min 
 
5.0°C/min 
6.6°C/min 
 
8.7°C/min 
12.0°C/min 
 
7.9°C/min 
8.9°C/min 
dT/dt ≥ 2°C/min 
Total 
Heating 
Cooling 
 
3.8% 
1.8% 
2.0% 
 
0.12% 
0.09% 
0.03% 
 
0.96% 
0.43% 
0.54% 
 
8.7% 
4.3% 
4.4% 
 
3.5% 
1.6% 
1.9% 
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Table 2.2. Tabulated data from partially detached flake aspect study. 
 
 
Top Surface Flake SE-Facing Flake NW-Facing Flake 
Top of 
flake 
Bottom of 
flake 
Top of 
flake 
Bottom of 
flake 
Top of 
flake 
Bottom of 
flake 
Max. |Trock-Tambient| 15.5°C 14.5°C 28.6°C 20.3°C 33.3°C 30.3°C 
Absolute T range 26.0°C 24.2°C 35.7°C 26.4°C 41.3°C 37.2°C 
Max. daily T range 24.6°C 22.9°C 32.1°C 22.5°C 38.5°C 33.7°C 
15
-s
ec
 in
te
rv
al
s Max. dT/dt rate 
Heating 
Cooling 
 
5.2°C/min 
7.4°C/min 
 
12.9°C/min 
13.2°C/min 
 
8.8°C/min 
10.4°C/min 
 
6.3°C/min 
7.5°C/min 
 
17.5°C/min 
20.6°C/min 
 
5.6°C/min 
7.0°C/min 
dT/dt ≥ 2°C/min 
Total 
Heating 
Cooling 
 
4.9% 
2.1% 
2.8% 
 
15.6% 
7.5% 
8.1% 
 
8.0% 
4.0% 
4.0% 
 
0.88% 
0.37% 
0.51% 
 
19.4% 
9.7% 
9.7% 
 
0.31% 
0.11% 
0.20% 
1-
m
in
 w
in
do
w
s Max. dT/dt rate 
Heating 
Cooling 
 
2.2°C/min 
2.5°C/min 
 
4.3°C/min 
5.5°C/min 
 
3.6°C/min 
4.0°C/min 
 
1.8°C/min 
1.9°C/min 
 
7.1°C/min 
9.3°C/min 
 
3.0°C/min 
3.2°C/min 
dT/dt ≥ 2°C/min 
Total 
Heating 
Cooling 
 
0.03% 
0.0% 
0.03% 
 
1.1% 
0.5% 
0.6% 
 
1.1% 
0.6% 
0.6% 
 
0.0% 
0.0% 
0.0% 
 
4.9% 
2.4% 
2.4% 
 
0.08% 
0.04% 
0.04% 
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5.3 Surface albedo 
 The estimated values for albedo range from 0.10 for mature alteration rinds to 
0.15 for the most recent spalled surfaces (relative chronology afforded by cross-cutting 
relations). For comparison, the albedo of fresh dolerite exposed in rock fall at the valley 
head was 0.10. The similarity between albedo of fresh rock fall clasts at the valley head 
and of clasts with mature alteration rinds arises from the abundant exposure of fresh 
pyroxene on recent rock fall and the similarly dark alteration rinds on weathered clasts. 
Reflectance measurements are provided in Figure 2.10. 
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Figure 2.10. Reflectance data for three types of Ferrar Dolerite surfaces on Mullins Glacier. 
Black = fresh (unweathered) surfaces; blue = minor alterated surfaces; red = mature 
alteration rind surfaces. 
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5.4 Microscopic analyses 
 Three major findings arise from detailed microscopic analyses. First, porosity 
increases near the surface of dolerite rocks; second, the surface roughness of partially 
detached flakes varies with albedo; and, third, alteration rinds show very minimal levels 
of chemical alteration. 
Figure 2.11 shows optical and scanning electron microscope (SEM) images of 
alteration rinds and sub-horizontal fractures that typically occur at, or just 
stratigraphically above, the chemical transition from fresh dolerite interiors to altered 
near-surface rinds. The cracks cut along and across crystals of plagioclase and 
clinopyroxene. Using ImageJ image analysis software and thin sections of dolerite 
samples, we find that surface-parallel micro-cracks typical of alteration rinds increase 
rock porosity from < 1 % in unaltered Ferrar Dolerite clast interiors to > 6% in the outer 
few mm of dolerite clasts (Figures 2.12, 2.13). Figures 2.14 and 2.15 show that the 
surface of well-developed alteration rinds display a much lower roughness than the 
underside of detached alteration flakes. Although beyond the scope of this study, the 
implication is that wind erosion plays a role in modulating the surface of alteration rinds 
and potentially masking mineralogical variation. 
 Consistent with findings in Salvatore et al. (2013), the alteration rinds lack 
evidence for surface coatings or secondary clay minerals. XRD analyses established no 
resolvable mineralogical differences between the upper and lower ~1 mm of alteration 
rind flakes. EDS and WDS elemental maps indicate no significant variation in the 
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abundances of Al, Ca, Cl, Fe, K, Mg, Na, S, Si, or Ti between the dolerite rinds and 
interiors (elemental maps provided in Appendix A). 
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Figure 2.11. SEM image of a near-surface crack in a Ferrar Dolerite alteration rind. 
Plagioclase (plag) and pyroxene (cpx) crystals are visible, as well as transgranular and 
intergranular (white arrows) cracks. 
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Figure 2.12. Microfracture pattern in a dolerite alteration rind from Mullins Glacier. The 
top panel is a backscattered electron (BSE) image of a fractured Ferrar Dolerite alteration 
rind. The bottom panel is an image analysis (ImageJ) of the fractures in the white box area 
shown in the top panel. The porosity, determined by analyzing the % area of the pores and 
open fractures in the bottom panel, is ~6 %. 
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Figure 2.13. Fracture pattern in a dolerite alteration rind from Mullins Glacier. The top 
panel is a light micrograph of a fractured Ferrar Dolerite alteration rind. The bottom panel 
is an image analysis (ImageJ) of the fractures in the white box area in the top panel. These 
fractures are only visible in altered portion of the rock (the upper 4 mm). The porosity, 
determined by analyzing the area % of the pores and open fractures in the bottom panel, is 
~6 %. 
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Figure 2.14. SEM image of the edge of a partially detached dolerite rind flake. Note the 
smooth flake surface versus the rough flake edge where individual mineral grains are 
visible. 
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Figure 2.15. SEM image of the top surface of a mature dolerite alteration rind flake. No 
modifications were made to the sample surface before analysis. The surface is smooth, with 
vertical relief only visible at the micrometer-scale. Smooth plagioclase (plag) and pyroxene 
(cpx) crystal surfaces are visible. The right panel shows a higher-magnification SEM image 
of the top surface of the mature dolerite alteration rind flake shown in the left panel. The 
smooth transition between a plagioclase (plag) and pyroxene (cpx) crystal surface is visible. 
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6. Modeling the potential for thermal stress weathering 
We evaluate the potential for spalling of alteration rinds induced by temperature 
variations by first modeling the induced thermal stresses using a finite element model. 
Thermal boundary conditions are based on the ambient field data recorded in the field 
during the study of partially-detached flake temperatures. We then apply linear elastic 
fracture mechanics to compute a stress intensity factor for micro-cracks, and compare this 
value to a modified fracture toughness to determine the likelihood of subcritical crack 
propagation.  
 
6.1 Model setup 
We simulate the thermal stresses in the surface of a typical dolerite clast on 
Mullins till by modeling the bulk thermal stress (σtsb) in an elastic, homogenous, and 
isotropic solid using COMSOL Multiphysics.  
The response of a dolerite clast to solar heating is simulated in 3 dimensions, and 
forced by meteorological data recorded during the study of partially-detached flake 
temperatures described in Section 4.1. We chose a representative 24-hour subset of this 
data for a typical sunny, summer day (See Appendix A). Measurements of air 
temperature, wind speed, and solar irradiance collected at 15-second intervals were 
interpolated linearly in COMSOL to produce continuous data files, and a built-in solar-
position model allowed for realistic transient solar heating to the rock surface.  
Our model geometry consists of a 2-cm tall dolerite block exhibiting a circular 
pedestal (36-cm in diameter) that stands 2-mm above the surrounding rock surface 
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(Figure 2.16). This upstanding pedestal represents a portion of a mature weathered 
surface that has not yet spalled and is assigned a low albedo of 0.10. Surrounding the 
pedestal is an immature surface with albedo characteristics matching those of recent 
spalls (0.15). The base of the block is set as a heat outflow boundary, with a prescribed 
displacement of zero in the z-direction. All other surfaces were coupled with radiative 
and convective heat transfer physics to model temperature changes and allowed to freely 
expand. The block was heated by radiation from the sun, with irradiance set to values 
measured in the field at 15-sec intervals. The block was cooled by externaly forced 
convection through interations with the surrounding air. The air temperature was set to 
the field measured values, and the wind speed was determined via measurements of wind 
shear near the study site (described in Supplementary Information).  
The elastic modulus (E), Poisson’s ratio (ν), and tensile strength (σt), were 
determined from analyses of fresh samples of Ferrar Dolerite at the University of British 
Columbia's Norman B. Keevil Institute of Mining Engineering; additional material 
properties (see Tables 2.3-2.5) were derived from previous studies on similar rock types .  
The material properties of rocks and minerals change with variations in 
weathering and porosity (Basu et al., 2009; Goh et al., 2011; Schön, 1996); for example, 
dolerites can lose > 50% of their strength with moderate weathering (Bell and Jermy, 
2000; Gu et al., 2008; Kilic, 1995). In order to capture this effect, we ran two versions of 
the COMSOL model, one (COMSOL Simulation 1) with consistent values of physical 
properties equal to that of a fresh, unweathered dolerite and a second (COMSOL 
Simulation 2) in which we include (1) a linear 50% reduction in the values of E and ν 
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between the unaltered interior at 2 cm depth and the alteration rind, and (2) a 20% 
decrease in ρ (see Table 2.5). In order to investigate the role of aspect and surface slope 
on thermal stresses at the base of the rind, a third model was run (COMSOL Simulation 
3) using the same material properties of Simulation 2, but in this case the rock surface 
was rotated to have a 45° dip to the northwest (e.g., the aspect with the highest 
temperatures according to the flake monitoring field study). Details of the COMSOL 
model, boundary conditions, calculation of wind speed and normal stresses, as well as the 
geometry of the dolerite block in Simulation 3 are provided in the Supplementary 
Information. 
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Figure 2.16. Schematic of COMSOL model setup. Further details are provided in 
Supplementary Information.  
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Table 2.3. Specimen geometry and uniaxial compressive strength (UCS) testing results for 
Ferrar Dolerite samples from Mullins Glacier. 
 
Sample ID Height (mm) 
Diameter 
(mm) 
UCS 
(MPa) 
Young's modulus 
(GPa) 
Poisson's 
ratio 
JKC-09-B 
75.29 36.93 251.5 77.73 n/aa 
77.45 37.67 287.1 76.53 0.27 
73.01 37.69 283.7 84.03 0.38 
JKC-10-044 73.56 37.06 269.1 70.22 n/aa 
JKC-11-019b 78.24 37.27 64.7 57.7 n/aa 
a Unable to determine from testing data results 
b Coarse-grained sample 
 
 
 
 
 
 
Table 2.4. Specimen geometry and Brazilian tensile strength testing results for Ferrar 
Dolerite samples from Mullins Glacier. 
 
Sample ID Diameter (mm) 
Thickness 
(mm) 
Peak Load 
(kN) 
Tensile strength 
(MPa) KIcr
a 
JKC-09-B 37.52 19.96 15.77 13.41 1.95 
↓ 37.62 16.41 18.47 19.05 2.77 
JKC-10-044 36.95 20.22 16.65 14.19 2.06 
↓ 37.13 17.54 15.99 15.63 2.27 
JKC-10-045 37.23 18.81 19.93 18.12 2.63 
↓ 
37.44 20.15 11.15 9.41 1.37 
37.32 19.32 17.71 15.64 2.27 
JKC-11-019b 37.33 20.62 6.36 5.26 0.76 
↓ 37.44 21.43 6.64 5.27 0.77 
a KIcr (fracture toughness) values estimated using the relationship tensile strength = 6.88 KIcr 
(Zhang, 2002) 
b Coarse-grained sample 
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Table 2.5. COMSOL modeling input parameters. All values are applied to the entire model 
geometry unless otherwise noted. 
 
Parameter Symbol Valuea Units 
  I R  
Density ρ 2900 2610 kg m-3 
Thermal Conductivity k 1.8 1.8 W m-1 K-1 
Heat capacity (constant pressure) cp 730 730 J kg-1 K-1 
Poisson's ratiob ν 0.325 0.1625 -- 
Modulus of elasticityb E 77 38.5 GPa 
Coefficient of thermal expansion α 5.5 x 10-6 5.5 x 10-6 K-1 
     
Surface Properties     
Solar absorptivityc (mature rindd) Amr 0.9 -- 
Solar absorptivityc (immature rinde) Air 0.85 -- 
    
a I = interior, R = rind; the values of E, α, and ρ were varied linearly between 2 cm depth in the 
rock interior to the rind base in COMSOL Simulations 2 and 3 to account for weathering-induced 
weakening; values listed under column I were used throughout the entire rock in COMSOL 
Simulation 1. 
b Estimated from measurements on Ferrar Dolerite clast samples from Mullins Valley (see Table 
2.3) 
c Absorptivity is calculated as 1-albedo, assuming that transmissivity = 0 (opaque) 
d Applied to the 2-mm thick circular rind pedestal on surface of modeled dolerite block 
e Applied to all exposed rock surfaces other than the surface rind pedestal  
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6.2. Thermal stress model results  
 Figure 2.17 shows the maximum value of σtsb (the bulk tensile stress) calculated at 
the base of the 2-mm thick alteration rind at each time step in the three COMSOL 
simulations. As noted above, Simulation 1 models the entire rock (interior and the rind) 
as having consistent material properties shown in Table 2.5. Simulation 2 models the 
effect of a decrease in mechanical properties between unweathered rock interior and 
weathered alteration rinds. Simulation 3 models a rock with similar material properties as 
Simulation 2, but with a dip of 45° to the NW. Large time steps were used for model 
runup at t = 0-2000 seconds, but afterward time steps between 5-15 seconds were used in 
order to capture the fast changes in wind speed and solar radiation measured in the field. 
In Simulations 1 and 2, the maximum stress occurred on the flake perimeter at t = 27410 
seconds (~7.62 hours), near the time of peak insolation on the surface of the clast. The 
maximum tensile stress during the model run was 0.251 MPa for Simulation 1, 0.153 
MPa for Simulation 2, and 0.145 MPa for Simulation 3. 
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Figure 2.17. Maximum bulk tensile stress (σtsb) at the base of the alteration rind during 
COMSOL simulations 1, 2, and 3. Simulation 1 models the entire rock (interior and the 
rind) as having consistent material properties (see data in Table 2.5). Simulation 2 models 
the decrease in mechanical properties between an unweathered interior and weathered 
alteration rind. Simulation 3 models a rock with similar material properties as Simulation 
2, but with a dip (surface slope) of 45° to the NW.  
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6.3 Crack propagation  
 After determining the maximum tensile stress generated at the base of the 
alteration rind due to solar heating, we then investigated the likelihood for crack 
propagation promoting rind detachment (spalling). From basic principles of linear elastic 
fracture mechanics theory, stresses near existing crack tips approach infinity; therefore, a 
material can undergo crack extension below its ultimate tensile strength. Assuming 
primarily mode I (tensional) opening, the stress intensity factor (KI) for a pressurized 
penny-shaped crack is  
𝐾𝐼 = 2 ∆𝜎 �𝑐𝜋�12     (Eq. 2.2) 
where c is the radius of the crack and Δσ is the driving stress for crack opening, which in 
our case is the tensile stress perpendicular to the crack. 
 A crack can propagate in two ways: (1) unstable propagation, in which a crack 
extends to failure at velocities approaching the speed of sound, and (2) stable or 
subcritical propagation, in which a crack grows in small increments over time. 
Theoretically, a crack will propagate unstably to failure when KI equals or exceeds a 
critical value known as the fracture toughness (KIcr) of the material. In practice however, 
cracks in rocks have commonly been observed to undergo extension at values of KI which 
are lower than KIcr due to the effects of subcritical crack growth (Atkinson, 1984; 
Meredith and Atkinson, 1985). 
 The critical value of the stress intensity factor below which subcritical crack 
growth will not occur is denoted as K0. A value of K0 equal to 30%-40% of KIcr, the 
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material's measured fracture toughness, has been used previously in studies of rock crack 
extension (Walder and Hallet, 1985), but this value may be as low as 10% of KIcr (Shen, 
2013). We can approximate the fracture toughness of Ferrar Dolerite using an empirically 
determined relationship between the measured rock tensile strength and mode I fracture 
toughness (Zhang, 2002): 
σt = 6.88 KIcr     (Eq. 2.3) 
However, because the value of σt was determined from the analysis of intact, 
unweathered dolerite samples (Table 2.4), the resultant value of KIcr is not indicative of 
the fracture toughness in the weakened alteration rind. 
 In order to determine the appropriate value of KIcr in the alteration rind, we 
require a method to estimate the tensile strength of small samples. The Vickers hardness 
test can be used to approximate the tensile strength of small, microscale regions of rock. 
A study of weathering rinds on andesite by Oguchi (2001) found that the Vickers 
hardness number (VHN) of the outer 3 mm of the weathering rind was < 100 N m-2, 
whereas at locations deeper than ~10 mm, where the rock was relatively unweathered, the 
VHN was ~5000 N m-2. These values correspond to almost two orders-of-magnitude loss 
in strength between the inner, unweathered rock and the outer weathering rind. Because 
there is a linear relationship between Vickers hardness and tensile strength (Rice and 
Stoller, 2000) there is a corresponding similar decrease in tensile strength between 
unaltered, fresh rock interiors and the outer weathering rind. Applying the Vickers 
hardness test results from Oguchi (2001) to Ferrar Dolerite samples, this would result in a 
decrease in tensile strength from 15 MPa (the average tensile strength of measured 
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samples in this study, Table 2.4) to ~0.3 MPa in the outer alteration rind. Converting this 
to fracture toughness via Eq. 2.3 gives a KIcr value of 0.044 MPa m-1/2 for the alteration 
rind. The critical stress intensity factors for subcritical crack propagation (K0) assuming 
K0 = 0.3KIcr is then 0.013 MPa m-1/2. We therefore would expect crack extension in the 
alteration rind when KI > ~ 0.013 MPa m-1/2.  
 We find that the threshold KI = K0 value of 0.013 MPa m-1/2 is exceeded, and 
hence crack propagation due to thermal stresses may occur, when the initial crack length 
is greater than ~1.1 cm for Simulation 2 or ~1.3 for Simulation 3 (NW aspect); these 
crack lengths are observed in our microscopic investigations of alteration rinds (e.g., 
Figure 2.13). 
 
6.4 Thermal mismatch stress 
In addition to the bulk thermal stress calculated by our COMSOL model, we can 
also consider the stresses produced at the mineral scale due to the differing thermal 
properties between crystals of plagioclase and pyroxene, the primary minerals in Ferrar 
Dolerite. 
An estimate of the radial normal stress due to the thermal mismatch of a spherical 
inclusion in a matrix is given by Van der Molen (1981) as: 
𝜎𝑡𝑠𝑚 = 𝐾′[𝑃(3𝐾+4𝐺)−4𝐾𝐺∆𝑇∆𝛼𝑉]𝐾(3𝐾′+4𝐺)          (Eq. 2.4) 
  Where K', K are the bulk modulus of the inclusion and the matrix respectively, G 
is the shear modulus of matrix, P is the external pressure, ΔT is the temperature change, 
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and ΔαV is the difference between the matrix and inclusion volumetric coefficient of 
thermal expansion. P in our case is equal to the weight of the overlying rock at depth z, P 
= ρgz. If the αV of the inclusion is larger than that of matrix, heating will lead to 
compressive stresses as the inclusion tries to expand more than its confining material, and 
cooling to tensile stresses; on the other hand, if the αV of the inclusion is smaller than that 
of the matrix, heating will lead to tensile stresses, and cooling to compressive stresses. 
Due to the generally ophitic texture of dolerite, with larger pyroxene crystals enclosing 
laths of plagioclase, we assign the matrix properties of augite and the inclusion the 
properties of anorthite. The values used for these parameters are given in Table 2.6. As 
augite has a larger coefficient of thermal expansion than anorthite, we expect the largest 
tensile stresses due to thermal mismatch when the temperature at the base of the 
alteration rind is the highest.  
 The highest temperature recorded at the base of the alteration rind during 
COMSOL Simulation 2 was ~12.1°C; using a 0-strain temperature of -23°C (the year 
round average temperature on Mullins Glacier, (Kowalewski et al., 2006)) and the values 
listed in Table 2.6, this corresponds to a maximum tensile stress due to thermal mismatch 
of ~6.28 MPa. 
 This value would be accurate for thermal mismatch in unweathered dolerite; 
however, a small increase in mineral porosity and weathering, like those in our alteration 
rind, can have drastic effects on elastic properties and strength (Salje et al., 2010), and 
therefore the actual stress due to thermal mismatch in our alteration rinds is likely much 
smaller. Even an order of magnitude reduction in the thermal mismatch stress to account 
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for mineral-scale changes in fracture density, porosity, and overall mineral weakening 
may play an important role in flake detachment. For example, the thermal mismatch 
stress at the time and location of the maximum bulk thermal tensile stress (COMSOL 
Simulation 2, weakening included) is ~ 3.76 MPa (T = -1.1 °C). Due to the principle of 
superposition, we can sum the bulk stress from our COMSOL model (0.153 MPa) and the 
thermal mismatch stress (0.376 MPa, assuming an order of magnitude reduction due to 
weakening) to find a total thermal tensile stress of 0.529 MPa; this value is in excess of 
the probable tensile strength of rind (0.3 MPa), and highlights the importance of thermal 
mismatch stress in rock breakdown. 
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Table 2.6. Thermal mismatch input parameters. 
 
Mineral Parameter Symbol Value Units Reference 
       
Anorthite 
Bulk modulus K' 84 GPa 
(Schön, 1996) Shear modulus G' 40 GPa 
Volumetric coefficient 
of thermal expansion αV' 1.51x10
-5 K-1 (Robertson, 1988) 
       
Augite 
Bulk modulus K 94 GPa 
(Schön, 1996) Shear modulus G 57 GPa 
Volumetric coefficient 
of thermal expansion αV 2.19x10
-5 K-1 (Robertson, 1988) 
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7. Discussion 
7.1 Primary drivers in thermal stress weathering  
 Based on detailed examination of observed temperature fluctuations and solar 
insolation changes, convective cooling by wind is likely the primary driver in forcing 
rapid surface-temperature fluctuations in Ferrar Dolerite in this area. While intermittent 
periods of cloud cover contribute to the rate of temperature change on the dolerite 
surfaces, we observed similar large magnitude temperature fluctuations on rock surfaces 
on cloudy and cloudless days. The lower albedo of mature alteration rinds also leads to 
increased rates of cooling by convection because the temperature difference between the 
rock surface and the air which cools it (Trock-Tambient) is increased relative to freshly 
spalled surfaces and minor altered rock flakes. 
 Additionally, previous studies have shown that an increase in temperature and 
relative humidity decrease the fracture toughness of rocks (Dwivedi et al., 2000; Nara et 
al., 2012; Nara et al., 2013), both of which, as mentioned above, can be the result of a 
low albedo surface. We should expect subcritical crack extension via thermal stress 
weathering to be more important at the peak of the austral summer when insolation is the 
highest and when the local relative humidity near crack tips is high - for instance, after 
the melting or sublimation of snow from dolerite surfaces. 
 
7.2 The influence of porosity and chemical alteration in promoting spalling 
 In our study, we determined a reduction in fracture toughness for alteration rinds 
by first assigning a reduced tensile strength and then converting this reduced strength to 
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an appropriate fracture toughness (via Eq. 2.3). This decrease in fracture toughness, and 
hence, an increased likelihood of crack propagation, in the rind layer versus unaltered 
dolerite clast interiors is expected due to decreases in strength (Oguchi, 2001; Thomson 
et al., 2014) and increases in porosity (Navarre-Sitchler et al., 2015; Navarre-Sitchler et 
al., 2009; Oguchi, 2001, 2004; Oguchi and Matsukura, 2000) that typically 
accompanying the formation of alteration rinds (see Figures 2.8, 2.9). The porosity of the 
rind may also increase due to the introduction or extension of fractures caused by any 
number of physical weathering processes, including thermal stress weathering (this 
study), salt action (Rodriguez-Navarro and Doehne, 1999), or the freezing and thawing of 
water (Walder and Hallet, 1985). 
 The increased porosity and fracture density in the rind also aids subcritical crack 
growth by allowing water from snowmelt to enter the rind and facilitate processes like 
stress corrosion. Stress corrosion in silicate minerals arises due to strained Si-O bonds 
(i.e., a reduction in atomic orbital overlap) at the tips of pre-existing cracks, where 
environmental agents such as water or brine may react more readily than at sites of 
unstrained bonds. These reactions weaken the Si-O bonds, and allow them to break at 
stresses less than they would otherwise (Atkinson, 1984; Michalske and Freiman, 1982). 
Additionally, the oxidative-driven cation diffusion which Salvatore et al. (2013) argues is 
responsible for the minor chemical variations in the in situ Ferrar Dolerite rinds, results in 
a disrupted crystal atomic structure through the loss of divalent cations from, and an 
increased Fe3+/Fe2+ in, the rind layer. This process weakens the mineral grains in the rind 
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and decreases their ability to withstand crack extension, making them more likely to 
undergo subcritical crack propagation. 
One interesting observation is that fresh dolerite clasts do not appear to exhibit 
surface spalls, even though they share similar albedo values with dolerite expressing 
mature alteration rinds. At face value, both rocks should achieve similar thermal stresses 
under identical meteorological forcing. Given that this does not appear to be the case, it is 
likely that some combination of (1) long-duration exposure time, which allows slow 
crack propagation to eventually lead to flake detachment, and (2) alteration rind 
development, is critical in the formation of spalls on clasts of Ferrar Dolerite in Mullins 
Valley. A mature alteration rind assists spalling by (1) decreasing the surface albedo from 
immature rinds and (2) altering the morphology and atomic chemistry of the outer 0-4 
mm of rock, weakening the rock structure and making it easier for cracks to form and 
propagate. 
 
7.3 Other factors that may influence spalling at the surface of Ferrar dolerite 
7.3.1 Grain size 
 During our field investigations, we found that spalled rinds form primarily on 
dolerite clasts of medium grain sizes (i.e., plagioclase lath crystals ~0.3-0.5 mm in 
width). Generally, finer and coarser-grained dolerites do not exhibit widespread evidence 
of rind flaking (Figure 2.18). Typically, strength and fracture toughness decrease as  grain 
size increases, with rocks composed of fine-grained matrices tending to be strongest 
(Lindqvist et al., 2007). Experiments by Eberhardt et al. (1999) showed that intergranular 
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cracks can propagate more easily and quickly along the longer straight line crystal 
boundaries in coarse-grained rocks (see also Figures 2.11, 2.12) . This faster rate of crack 
opening also allows the cracks to coalesce faster and result in macroscopic failure and the 
disintegration of the rock. Therefore, coarse-grained dolerites clasts likely do not exhibit 
rind flaking because they weather too quickly by grussification to form a cohesive rind. 
On the other hand, the finest-grained dolerites may not produce rind spalls because they 
are too resistant to weathering and fracture propagation due to their higher strength and 
KIcr values.  
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Figure 2.18. Images of dolerite thin sections. The top row (1 MG-12 and 9 MG-12) show 
medium-grained dolerite samples which exhibit alteration rind flaking, while the bottom 
row (2 MG-12 and 4 MG-12) show dolerites which are finer-grained and do not exhibit rind 
spallation. The scale is the same for each image.  
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7.3.2 Existing microcracks 
 Our model results show that for the highest tensile stress achieved at the base of a 
2-mm thick rind during the study period, crack propagation will occur only if there is a 
pre-existing crack of length 1.1 cm at the base of the rind. A crack of this length may 
have been formed by the extension of existing microcracks by thermal stresses during 
warmer periods, or from other weathering processes, including the expansion of pore ice 
and salts. Regardless, all rocks contain inherent microcracks that may be created by 
various processes; in this case, fractures could also develop (1) during rock formation and 
subsequent cooling, (2) from unloading due to erosion of overburden (Nur and Simmons, 
1970) or (3) from higher stress concentrations at twin lamellae and crystal kink band 
boundaries (Kranz, 1983). Additionally, cracks may form in the outer portions of dolerite 
clasts due to rockfall deposition near the valley and perhaps during subsequent glacial 
transport. While thermal stresses may play a role in the spalling of dolerites rinds on 
Mullins Glacier in the present-day, the process of rind detachment requires the 
cooperative action of other physical and/or chemical processes in order to form a crack > 
1.1 cm. 
 
7.3.3 Surface morphology and aspect 
 Our model assumes a flat dolerite surface, and does not take into account how a 
more complex, irregular surface may influence thermal stresses. For example, recent 
work has shown that surface curvature can exacerbate surface-normal tensile stresses 
(Martel, 2006, 2011; Stock et al., 2012). Generally, dolerite clasts on Mullins Glacier are 
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tabular and flat, but the presence of rounded surfaces (including the edges of partially-
detached flakes) or edges will promote spalling. Additionally, sub-millimeter scale 
surface roughness may lead to a wider range of stresses at the rock surface than we 
calculate assuming a smooth dolerite surface. 
 In this particular study, we found that the maximum tensile stress at the base of an 
alteration rind on the top surface of a rock with no dip was approximately the same as the 
tensile stress at the base of a rind with a 45° dip toward the NW, where temperatures at 
the base of the rind were higher in both the model (maximum temperature of 284.9 K vs. 
298.3 K) and measured in the field (Figure 2.9). These results suggest that maximum 
solar loading is not alone sufficient for generating maximum thermal stress. Further, it 
explains the lack for a preferred orientation for surface spalls on dolerite clasts in the 
study area. It also suggest that cooling by wind, which likely varies with rock aspect 
irrespective of solar loading, is a prime factor in developing thermal stress. Altogether, 
this highlights the importance of factors beyond maximum solar heating in generating 
high surface-normal stresses and induced thermal gradients. 
 
8. Conclusions 
 In this study, we use a combination of field measurements, laboratory analyses, 
and numerical modeling to test the potential efficacy of thermal stress weathering in the 
spalling of alteration rinds observed on clasts of Ferrar Dolerite on Mullins Glacier. We 
find that although thermal stresses may play a role in generating spalls, pre-existing 
microcracks of > 1.1 cm are required for the process to be effective under present day 
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meteorological forcing. The expected (and measured) increase in porosity of alteration 
rinds relative to unaltered rock interiors, facilitate thermal stress crack propagation. 
Additionally, the limited cryoturbation and longevity of clasts on the Mullins till surface 
(Marchant and Denton, 1996) allows for cracks to propagate over millions of years, so 
that even very slow crack growth may lead to eventual flake detachment/spalling. 
Finally, our results suggest maximum rock-surface temperature induced by solar 
radiation is not alone sufficient to generate maximum thermal stress. Convective cooling 
by may be the driving force. If correct, this explains the random distribution of flake 
detachment with respect to solar loading and rock-surface aspect. 
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Supplementary Information 
 
1. COMSOL Model 
 COMSOL Multiphysics v4.3b was utilized for the simulation and calculation of 
temperature and thermal stress in the modeled dolerite. Specifically, we couple the 
COMSOL heat transfer and structural mechanics modules in order to determine thermal 
stresses generated due to heating and cooling; all temperature fluctuations are induced by 
solar radiation and convective cooling by wind.  
 Each of the exposed sides of the block and rind (i.e., all areas but the bottom of 
the block) are subject to two heat transfer boundary conditions: radiative and convective 
heat transfer. The absorbed radiative heat flux (W m-2) from solar heating is calculated as 
𝑞𝑟𝑎𝑑 = 𝐴(𝑞𝑠𝑜𝑙𝑎𝑟 − 𝒔𝑇𝑟𝑜𝑐𝑘4 ) 
where A is the absorptivity of the rock surface, qsolar is the incoming radiation from the 
sun, s is the Stefan-Boltzmann constant, and Trock is the temperature of the rock surface.  
The model approximates the rock as a greybody, and therefore according to Kirchhoff's 
law, the absorptivity and emissivity of each surface must be equal. The absorptivity of 
each surface is approximated as 1-albedo. 
 The convective heat flux (W m-2) equation for each boundary is 
𝑞𝑐𝑜𝑛𝑣 = ℎ(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑟𝑜𝑐𝑘) 
where Tambient is the air temperature, and h is the heat transfer coefficient. COMSOL 
calculates h as 
  
74 
ℎ = 2 𝑘
𝐿
0.3387 𝑃𝑟1 3⁄ 𝑅𝑒1 2⁄
�1+�0.0468 𝑃𝑟� �2 3⁄ �1 4⁄     for Re ≤ 5x105 
ℎ = 2 𝑘
𝐿
 𝑃𝑟1 3⁄ (0.037𝑅𝑒4 5⁄ − 871)  for Re ≥ 5x105 
where 
Pr =  𝜇 𝑐𝑝
𝑘
 
Re =  𝜌 𝑈𝑒𝑥𝑡 𝐿
𝜇
 
and where k is thermal conductivity, μ is dynamic viscosity, cp is specific heat, ρ is 
density, Uext is the external air speed (i.e., the wind speed) and L is plate length. The 
Prandtl number (Pr) is a dimensionless number which calculates the ratio of viscous to 
thermal diffusivity of the fluid (in our case, air); the Reynolds number (Re) represents the 
ratio of inertial to viscous forces. 
 An outflow boundary condition at the base of the model geometry allows for the 
heat which reaches the base of the geometry to be transferred away from the boundary 
(i.e. deeper into the rock); this is mathematically similar to assuming a convective 
boundary condition. This boundary condition was chosen to help minimize the size of the 
model, and to prevent excess heat from building up in the model geometry which would 
occur with the application of an insulated boundary condition. 
 The general equation for conductive heat transfer inside the rock is 
𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
− ∇ ∙ (𝑘∇𝑇) = 𝑄 
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where Q accounts for a volumetric heat source. The equation of motion for linear 
elasticity is 
𝜌
𝜕2𝐮
𝜕𝑡2
− ∇ ∙ 𝛔 = 𝐅 
where u is the displacement vector, σ is the Cauchy stress tensor, and F is the body force 
per volume. Hooke's law relates the stress and strain tensors as 
𝛔 = 𝛔𝟎 + 𝐂 ∶ (𝛜 − 𝛜𝟎 − 𝛜𝐭𝐡𝐞𝐫𝐦𝐚𝐥) . 
 Infinitesimal strain theory relates the strain tensor and displacement vectors as 
𝛜 = 12 [(∇𝐮) + (∇𝐮)T] 
𝛜𝐭𝐡𝐞𝐫𝐦𝐚𝐥 = 𝛂(𝑇 − 𝑇𝑟𝑒𝑓) 
where C is the stiffness or elasticity matrix, ϵ is the infinitesimal strain tensor, ϵ0 and σ0 
are the initial strain and stress, ϵthermal is the thermal strain tensor, α is the thermal 
expansion tensor, and Tref is a reference temperature. Infinitesimal strain theory holds 
when the displacements due to deformation of an elastic solid body are << the size of the 
solid such that the properties at each point can be assumed to be unchanged due to the 
deformation. 
 The COMSOL model uses PARDISO (PARallel DIrect SOlver), which was 
developed to solve sparse linear symmetric and nonsymmetric systems of equations, to 
solve the model in two segregated steps, first solving for the temperature in the model, 
and then the displacement field, from which the thermal stresses are derived. The time 
steps taken by the model were large (600-1000 seconds) between time 0 and 20000 
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seconds, and 5 - 15 seconds for the rest of the model duration. Details of the model mesh 
are given in Figure 2.19. 
 
 
 
Figure 2.19. Mesh for COMSOL model. Resultant degrees of freedom = 86710. The 
geometry is composed of a tetrahedral mesh, with a maximum element size of 0.06 m, a 
minimum element size of 0.0112 m, a maximum element growth rate of 1.6, a resolution of 
curvature of 0.7, and a resolution of narrow regions of 0.4. 
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2. Determination of wind speed versus height 
 The wind speed used in the model (e.g., Uext) to calculate the convective heat flux 
varies with height above ground, z, according to a logarithmic profile law, as 
𝑈𝑧 = 𝑈∗𝜅 �ln �𝑧 − 𝑑𝑧0 �� 
where Uz is the wind speed at height z, U* is the wind shear, κ is the dimensionless von 
Kármán constant (= 0.4), d is the zero-plane displacement (assumed to be 0 here), and z0 
is the surface roughness. If the wind speed at a particular height above ground (z1) is 
known, then we can approximate the wind speed at another height, z, in the profile as 
𝑈𝑧 = 𝑈𝑧1 ln�𝑧 𝑧0� �ln�𝑧1 𝑧0� � . 
 We have recorded values of wind speed from an Onset HOBO anemometer at a 
height of 2 m (15-second intervals) at the location of our partially-detached flake study 
site on Mullins Glacier which we can use to determine the expected wind speed at lower 
heights via the equation above. However, we first need to determine the value of z0, the 
surface roughness in the area. 
 The aerodynamic surface roughness, z0, was determined by installing a vertical 
array of four Onset cup-style anemometers spaced vertically at approximately logarithmic 
heights of 0.28 m, 0.66 m, 1.34 m, and 2.2 m; this array sampled data every 30 seconds, 
stored at five minute intervals, for average wind velocity, maximum gust velocity, and 
wind direction (top anemometer only) over the period 12/25/2010 to 12/30/2010. Wind 
data were processed with a 15-minute running average to reduce noise. Measured data 
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points at each time step were iteratively fit to a logarithmic profile to determine z0, 
computed from the ordinal intercept of the best fitting line (in a least-squares sense) of 
ln(z-d) verses Uz where z is the measurement height, d is the displacement height (~0 m), 
and Uz is the wind velocity at height z. In calculating the average z0, only data for which 
the wind speed at the lowest anemometer was >2 m s−1 were included. This segregation 
was done to minimize the potential errors associated with the thermal instability of the 
atmosphere, and to use only data for wind speeds at which mechanical turbulence likely 
exceeded buoyancy effects (Bauer et al., 1992; Lancaster, 2004; Wolfe and Nickling, 
1996). Measurements were also discarded if: (1) zero wind speeds were recorded by any 
anemometer, (2) inverted wind speeds were recorded (higher anemometer recording a 
lower velocity than a lower anemometer), or (3) wind speeds at the highest anemometer 
were < 3m s-1.  
 This analysis resulted in a computed mean aerodynamic roughness of z0 = ~0.051 
m. Due to a lack of co-located temperature profile measurements with the wind-profile 
measurements, we are unable to apply corrections for atmospheric stability in the z0 
estimate and have thus implicitly assumed neutral stability during the measurement 
period. This assumption requires that the mean z0 estimate should be considered a 
maximum estimate. This calculated value of surface roughness is slightly higher than the 
measured values at the roughest Dry Valleys lake sites (~0.035 m) (Lancaster, 2004). 
However, the elevated aerodynamic roughness in Upper Beacon valley is expected due to 
the presence of ubiquitous sublimation polygons with ~0.9 m vertical relief (Mackay et 
al., 2014). 
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 Finally, The wind speed (Uz = Uext,z) for the convective heat transfer coefficient, h, 
at each height, z, on the dolerite block boundary in the COMSOL model can now be 
calculated as 
𝑈𝑒𝑥𝑡,𝑧 = 𝑈2𝑚 ln�𝑧 0.051� �ln�2 0.051� � 
where U2m is the field-recorded wind speed at a height of 2 m. 
 
3. Geometry for NW-aspect simulation (Simulation 3) 
 Our field monitoring of partially-detached flakes showed that the highest 
temperatures were reached on a flake with a northwest (NW) aspect. In Simulation 3, we 
alter the geometry of the previous simulations by rotating the block 45° about the 
southwest-northeast axis through the midpoint of the base of the circular rind surface 
given by point (0.2, 0.2, 0.3). In order to adequately assign material properties that vary 
with distance between the unaltered interior of the block and the rind, we need to develop 
an expression for the distance from any point in the block to the plane formed by the 
rotated base of the rind. 
First, we determine an equation for the plane in the form: 
𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 0 . 
Three points (D, E, F) which lie on the plane are 
𝐷 = (0.2, 0.2, 0.3) 
𝐸 = (0.4, 0, 0.3) 
𝐹 = (0.2 + 𝑙, 0.2 + 𝑙, 0.1) 
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where 
𝑙 = �0.08 sin2 45°2   . 
These points can be used to form two vectors: 
𝐷𝐸 �������⃗  = 〈0.2,−0.2, 0〉 
𝐷𝐹 �������⃗  = 〈𝑙, 𝑙,−0.2〉 
The cross product of these two vectors gives 
𝐷𝐸 �������⃗ × 𝐷𝐹 �������⃗ = 0.04𝑖 + 0.04𝑗 + 0.4𝑙𝑘 . 
The equation of the plane can then be written as 0.04(𝑥 − 𝑥0) + 0.04(𝑦 − 𝑦0) + 0.4𝑙(𝑧 − 𝑧0) = 0 . 
Substituting point D into the previous equation gives the final equation of the plane as 0.04𝑥 + 0.04𝑦 + 0.4𝑙𝑧 = 0.016 + 0.12𝑙 . 
Finally, the distance from any point to the plane is given by 
𝑑 = |0.04𝑥0 + 0.04𝑦0 + 0.4𝑙𝑧0 − 0.016 − 0.12𝑙|
�0.042 + 0.042 + (0.04𝑙)2  . 
 
4. Normal stress calculation 
 The magnitude of the normal stress perpendicular to a surface (σn) is calculated as 
the dot product of the traction vector on the plane, Tn, and the unit normal vector, n: 
𝜎𝑛 = 𝐓𝐧 ∙ 𝐧 
The Cauchy stress tensor, σ, for the state of stress at a point is 
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𝛔 = 𝜎𝑖𝑗 = �𝐓𝟏𝐓𝟐
𝐓𝟑
� = �𝜎11 𝜎12 𝜎13𝜎21 𝜎22 𝜎23
𝜎31 𝜎32 𝜎33
� 
T1, T2, T3 are the tractions on the faces of an infinitesimal cube. The traction vector for 
on an arbitrary surface, Tn, with normal vector, n, is then 
�
𝐓𝐧𝟏
𝐓𝐧𝟐
𝐓𝐧𝟑
� = �𝐓𝟏𝐓𝟐
𝐓𝟑
� �
n1n2n3� = �𝜎11 𝜎12 𝜎13𝜎21 𝜎22 𝜎23𝜎31 𝜎32 𝜎33� �n1n2n3� 
so that 
𝑇𝑛𝑖 = 𝜎𝑖𝑗𝑛𝑗  . 
The equation for the normal stress magnitude then becomes 
𝜎𝑛 = 𝐓𝐧 ∙ 𝐧 = 𝑇𝑛𝑖𝑛𝑖 = 𝜎𝑖𝑗𝑛𝑖𝑛𝑗  . 
We can see that in the non-rotated COMSOL Simulations 1 and 2, the maximum tensile 
stress calculation at the base of the weathering rind reduces simply to the stress in the z-
direction, 
𝜎𝑛 = 𝜎33 , 
due to the unit normal vector 
𝑛�⃗ = 0𝑖 + 0𝑗 + 1𝑘 . 
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CHAPTER THREE:  
Sublimation rate of buried glacier ice: an experimental and numerical investigation 
 
Abstract 
 We utilize an environmental chamber capable of recreating the extreme polar 
conditions of the McMurdo Dry Valleys (MDV) of Antarctica to investigate the 
sublimation rate of the Mullins Valley debris-covered glacier (hereafter Mullins Glacier). 
By measuring the sublimation of ice buried beneath sediment thicknesses ranging from 0 
to 69 mm, we determine an effective diffusivity for Fickian vapor transport through 
Mullins till of 4.54 x 10-6 m2 s-1. We use this value, coupled with micrometeorological 
measurements on Mullins Glacier, to model the sublimation rate of buried glacial ice 
under 70 cm of till cover over a one year period. We find that the ice-lowering rate during 
the modeled year (2011-2012) was 0.0678 mm, a value which is in line with previous 
estimates for exceedingly slow rates of ice sublimation. These results provide further 
evidence supporting the probable antiquity of Mullins Glacier ice, and overall landscape 
stability in upland regions of the MDV. 
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1. Introduction 
 The McMurdo Dry Valleys (MDV) of Antarctica have remained predominately 
ice-free and under hyper-arid polar desert climate conditions since the middle Miocene 
(Denton et al., 1993; Marchant et al., 1994; Marchant et al., 1993; Marchant et al., 1996; 
Marchant et al., 2002; Sugden et al., 1999). The preservation of in situ volcanic ash 
deposits > 10.0 Ma in the Quartermain Mountains (Marchant et al., 1993; Sugden et al., 
1995) demonstrates that cryoturbation typical of most periglacial regions is essentially 
absent from much of the western MDV, and corroborates the slow rates of landscape 
change and long-term stability of the region afforded by cosmogenic nuclide analyses of 
surface rocks (Schäfer et al., 2000; Schäfer et al., 1999). Moreover, the age and 
distribution of numerous volcanic ashfall deposits suggest that buried glacier ice has 
survived beneath thin supraglacial tills for up to 8.1 Myr (Sugden et al., 1995), with some 
ice potentially surviving since the mid-Miocene Climate Transition ~ 13.8 Ma (Lewis et 
al., 2008; Lewis et al., 2007; Marchant et al., 2002). If ancient ice could be analyzed 
reliably for gas content, it could greatly extend our climate record beyond that possible 
through the analysis of existing ice cores (e.g., EPICA Dome C (Augustin et al., 2004), 
Vostok (Petit et al., 1999), GISP (Johnsen et al., 2001)). The potential for such long-lived 
ice has prompted researchers to examine the precise conditions that could foster ice 
preservation in hyper-arid deserts (Kowalewski et al., 2006; Yau et al., 2015).  This has 
yielded numerous studies aimed at characterizing sublimation rates in the MDV, with 
results spanning over two orders of magnitude, from 10-3 m yr-1 (Hindmarsh et al., 1998) 
to 10-5 m yr-1 (Kowalewski et al., 2012) (see also Hagedorn et al., 2007; Hindmarsh et al., 
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1998; Kowalewski et al., 2012; Kowalewski et al., 2006; Kowalewski et al., 2011; 
Schorghofer, 2005). As yet, however, there have been no attempts to address this 
problem through experimental analyses. 
 In this study, we examine the sublimation rate of ice using an environmental 
chamber capable of reproducing the sub-zero and hyper-arid environment of Mullins 
Glacier, a debris-covered alpine glacier located in the inland portion of the MDV. Using 
samples of supraglacial debris (Mullins till), the mass loss (and sublimation rate) of ice is 
directly measured via a series of experiments using ice overlain by varying till 
thicknesses. We then derive an effective diffusivity for vapor transport through Mullins 
till. Finally, the experimentally determined effective diffusivity and measured 
micrometeorological data from the study site are used as inputs into a Fickian diffusion 
model to predict the sublimation rate of Mullins Glacier over a representative one year 
period. 
 
2. Setting 
 Mullins Glacier is an ~8-km long, debris-covered alpine glacier occupying 
Mullins Valley and upper and central Beacon Valley in the MDV (Figure 3.1).  The 
glacier is covered with a thin till, 0 to 70 cm thick, derived from rockfall at the valley 
head; the till moves passively down valley, with a maximum velocity of ~ 40 mm yr-1 
(Rignot et al., 2002), slowing to < 1 to 2 mm yr-1  (or within InSAR measurement error) 
on the floor of upper Beacon Valley. The mean annual and summertime atmospheric 
temperatures at the study site are -23°C and -11°C respectively (Kowalewski et al., 2011; 
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Mackay et al., 2014) and snowfall is < 50 mm yr-1 (Fountain et al., 2010); most snow that 
collects at the ground surface quickly sublimates in a matter of hours (Kowalewski et al., 
2011). Strong katabatic winds flow from the East Antarctic Ice Sheet (EAIS) at speeds 
commonly approaching 50 km hr-1 (Marchant et al., 2013).  From cosmogenic-nuclide 
analysis of surface cobbles and 40Ar/39Ar analysis of in situ ashfall, it is apparent that the 
distal, stagnant portion of Mullins Glacier has been relatively undisturbed for millions of 
years (Mackay and Marchant, 2016; Marchant et al., 1996; Marchant et al., 2007; Sugden 
et al., 1995). Additionally, direct measurements of gas contained in ice cores recovered 
from Mullins Glacier suggests that in this region Mullins Glacier ice is likely >> 106 
years old (Yau et al., 2015). 
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Figure 3.1. Location of Mullins Glacier. Mullins Glacier is shown by the white box in the 
lower left portion of the figure, lying partially in Mullins and Beacon Valley in the 
Quartermain Mountains.  
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 The ice in the upper reaches of Mullins Glacier (within ~ 4 km from the valley 
headwall) is relatively clean, showing dispersed fines and isolated cobbles; beyond ~ 4 
km, the englacial content in Mullins Glacier reaches up to 50% gravel and cobble sized 
clasts, with inclined layers of concentrated debris > 4 cm thick (Mackay et al., 2014)  The 
thickness of Mullins till generally shows a corresponding increase with distance from the 
headwall (Mackay et al., 2014); at its maximum, Mullins till reaches ~70 cm in thickness 
in central and upper Beacon Valley (Kowalewski et al., 2011). Throughout its length, 
Mullins till is dotted with sublimation polygons (Marchant et al., 2002), each of which 
increases in size and maturity with distance down glacier (Levy et al., 2006). Previous 
models that link the sublimation of buried ice with the development of sublimation 
polygons in overlying supraglacial tills have shown that these polygons play an important 
role in modulating subsurface ice loss (Kowalewski et al., 2012; Marchant et al., 2002), 
with sublimation at polygon centers being the rate limiting factor (Kowalewski et al., 
2006; Kowalewski et al., 2011). This finding arises from the observation that sublimation 
within polygon troughs is modulated by trapped snowfall, which provides locally 
elevated relative humidity (RH), and colder-than-average temperatures – the latter occurs 
due to local solar shielding in deep troughs, some of which are up to 2-m deep 
(Kowalewski et al., 2012). 
 
3. Theoretical background 
 We assume that Fickian diffusion, characterized by impacts between molecules 
and driven by concentration gradients, is the dominate vapor transport mechanism at 
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polygon centers in Mullins till (Schorghofer and Aharonson, 2005). Fickian processes 
dominate diffusive vapor transport through porous media when pore sizes are greater than 
the mean free path of vapor molecules (Ho and Webb, 2006). Previous studies of 
sediment in the MDV have shown that Knudsen diffusion, which takes into account 
molecular interactions with pore walls, can be neglected (Hagedorn et al., 2007; McKay 
et al., 1998). Thus, for the Mullins sublimation till, Knudsen diffusion is insignificant. 
Additionally, we do not include the effects of thermally-driven vapor diffusion or 
advection, which previous researchers have shown to be less important than Fickian 
diffusion on annual timescales (Schorghofer, 2005). 
Fick's first law of diffusion is given as: 
𝐽 = −𝐷𝑓 𝜕𝜌𝑣𝑎𝑝𝜕𝑧      (Eq. 3.1) 
where J is the diffusive flux (mol m-2 s-1), Df is the Fickian diffusion coefficient (m2 s-1), 
ρvap is water vapor density (mol m-3) and z is length (m). For diffusion through porous 
media, this is rewritten as: 
𝐽 = −𝐷𝑒𝑓𝑓 𝜕𝜌𝑣𝑎𝑝𝜕𝑧     (Eq. 3.2) 
where Deff is the effective diffusion coefficient (m2 s-1), and, 
𝐷𝑒𝑓𝑓 = 𝜙 𝐷𝑓𝜏      (Eq. 3.3) 
where ϕ is the porosity of the sediment, and τ is the tortuosity. Assuming a linear 
decrease in ρvap throughout the sediment column, and saturated vapor density at the ice-
sediment interface, Eq. 3.2 can be rewritten as: 
𝐽 = −𝐷𝑒𝑓𝑓 𝜌𝑠𝑎𝑡−𝜌𝑎𝑡𝑚𝐿      (Eq. 3.4) 
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where L is the sediment thickness (m), ρsat is the saturated vapor density at the 
temperature of the ice-sediment interface, and ρatm is the vapor density in the atmosphere. 
We can relate vapor density (ρsat, ρatm) to vapor pressure (Psat, Patm) using the ideal gas 
law: 
𝜌𝑣𝑎𝑝 = 𝑃𝑣𝑎𝑝 𝑀𝑤𝑅 𝑇        (Eq. 3.5) 
where Pvap is vapor pressure, Mw is the molecular mass of water (18.02 g mol-1), R is the 
gas constant (8.314 J mol-1 K-1), and T is temperature. 
Substituting Eq. 3.5 into Eq. 3.4 we find: 
𝐽 = −  𝐷𝑒𝑓𝑓 𝑀𝑤
𝐿 𝑅  �𝑃𝑠𝑎𝑡𝑇𝑖𝑐𝑒 − 𝑃𝑎𝑡𝑚𝑇𝑎𝑡𝑚�    (Eq. 3.6) 
where Psat is the saturation vapor pressure at the temperature of the ice-sediment interface 
(Tice), Patm is the vapor pressure in the atmosphere and Tatm is the atmospheric 
temperature. The value of Psat can be approximated using the Clausius-Clapeyron 
equation: ln �𝑃𝑠𝑎𝑡
𝑃0
� = −𝐿𝑑
𝑅𝑠
�
1
𝑇
−
1
𝑇0
�     (Eq. 3.7) 
where P0 is a reference value of saturated vapor pressure at T0, which we take as 0.6113 
kPa at T0 = 273.15 K, Ld is the latent heat of sublimation for water vapor (2.834x106 J kg-
1), which is equal to the sum of the latent heats of fusion and vaporization, and Rs is the 
specific gas constant for water (461.52 J kg-1 K-1, equal to R/Mw). Substituting these 
values into Eq. 3.7 gives us a final equation for Psat in Pa: 
𝑃𝑠𝑎𝑡 = 611.3 exp �22.48 − 6140.54𝑇 �   (Eq. 3.8) 
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 We can now divide J (Eq. 3.6) by the density of ice (ρice) to convert it from a flux 
to a sublimation rate, E, in units of length per time. Rearranging, this gives us: 
𝐸 = −  𝐷𝑒𝑓𝑓 𝑀𝑤 𝑃𝑠𝑎𝑡
𝐿 𝑅 𝑇𝑖𝑐𝑒 𝜌𝑖𝑐𝑒  �1 − 𝑇𝑖𝑐𝑒 𝑃𝑎𝑡𝑚𝑇𝑎𝑡𝑚 𝑃𝑠𝑎𝑡�   (Eq. 3.9) 
 Eq. 3.9 is used in conjunction with our experimental measurements of sublimation 
loss to estimate the effective diffusion coefficient in Mullins till and to predict the annual 
loss of ice from Mullins Glacier using field measured values of T, RH, and air pressure. 
 
4. Approach 
 In this study, we aim to (1) determine the textural characteristics of Mullins till 
that impact vapor transport, and (2) use these values along with field data to predict ice 
loss in areas of thick till cover (e.g., where ancient ice may be preserved). We follow the 
procedures below, which are described in detail in the following sections: 
1. Develop a composite standard for Mullins till (MC) that matches the particle-size 
distribution and porosity for till suspected of overlying multi-million year old ice 
(Yau et al., 2015) in the distal regions of Mullins Glacier. The standard is then 
used in all experiments reported in this study. 
2. Using an environmental chamber set to recreated summertime temperatures and 
RH values observed in the field, calculate ice loss beneath various thicknesses of 
the Mullins Composite (MC), then compute a value of effective diffusivity (Deff) 
for vapor diffusion in Mullins till. 
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3. Estimate the thermal diffusivity of Mullins till, and use this value to approximate 
the expected temperature at a depth of 70 cm (the ice table depth at locations of 
possibly ancient ice). 
4. Using the Deff value from the experimental investigations, along with estimated 
till temperatures, calculate the sublimation rate of Mullins Glacier under 70 cm of 
Mullins till.  
 
5. Experimental methods 
 We determine the sublimation rate of ice through various thicknesses of Mullins 
till, ranging from 0-69 mm, in an environmental chamber at -10°C. The results are then 
used to estimate Deff for Mullins till.  
 
5.1 Mullins till  
5.1.1 Generation of the Mullins Composite standard 
 A composite sediment sample, herein referred to as Mullins Composite (MC), 
was used in all sublimation experiments.  MC consists of a conglomeration of Mullins till 
sourced from separate sample sites on Mullins Glacier; the composite was sorted by grain 
size, and then recombined to match a representative sediment sample with a prescribed 
grain size distribution. The representative sample for MC is JKS-11-020, which comes 
from near the glacier terminus (Figure 3.2) and best represents the till texture at the 
location on Mullins Glacier where some of the oldest ice is preserved (Kowalewski et al., 
2011). 
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 To prepare the MC, the grain size distribution of our representative sample, JKS-
11-020, was first determined by sieving the sample in the field (to separate the < 16 mm 
fraction from the > 16 mm fraction) and then sieving the sample (dry) at Boston 
University through a stack of 9 sieves: 8 mm, 4 mm, 2 mm, 1 mm, 500 μm, 250 μm, 125 
μm, 63 μm, and a pan (< 63 μm). From this analysis, we determined that JKS-11-020 is a 
coarse-grained, well-graded sand-and-gravel mixture containing < 2% silt and clay sized 
particles (Table 3.1, Figure 3.3). This grain size distribution was replicated in MC by 
combining the Mullins till samples, sieving as described above to separate the fractional 
clast sizes, and then combining the grain size fractions according to the weights in Table 
3.1 (listed per 100 g of MC). A new MC sample was prepared prior to each sublimation 
experiment in order to ensure that the grain size distribution for each experiment was 
constant and unaffected by gravitational settling.    
 Only particle sizes < 8 mm were used in the experiments; this maximum grain-
size value was chosen due to the relatively narrow inner diameter (3.25 inches or 82.55 
mm) of the sample containers used in our sublimation experiments; the inclusion of 
larger particle sizes would likely increase the size of the necessary representative 
elementary volume beyond what we could create in our containers, especially at small 
sediment depths. Additionally, fine particle sizes exert the dominant control over the 
diffusivity of the sediment (Kowalewski et al., 2011), so the absence of grains >8 mm 
should not dramatically impact rates of Fickian diffusion (Schorghofer, 2005). 
 Kowalewski et al. (2011) directly measured the in situ porosity of Mullins till, 
reporting values ranging from 0.29-0.31. To determine porosity in this study, we 
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measured the bulk density (ρB) of the MC sediment (~1896 kg m-3); and, assuming a 
grain density (ρG) of ~ 2700 kg m-3, the porosity (ϕ) of MC is then ~29.8% (ϕ=1- ρB/ρG), 
which is in accord with Kowalewski et al. (2011). 
 
5.1.2 Analysis of salts 
 A sample of MC sediment was rinsed with deionized water, and the supernatant 
allowed to evaporate, leading to the precipitation of salt crystals. These crystals were 
analyzed in Boston University's X-ray Diffraction Lab on a Rigaku MiniFlex Powder 
Diffractometer. The diffraction patterns were analyzed using the Jade 9 data analysis 
program, and showed evidence of nitratine (NaNO3), gypsum (CaSO4·2H2O), and halite 
(NaCl) (Appendix B). 
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Figure 3.2. Location of sample JKS-10-020 and the micrometeorological station on Mullins 
Glacier. Flow is from left (Mullins Valley) to right (Beacon Valley). JKS-10-020 was taken 
from the middle of a polygon near the end of the glacier in Beacon Valley. The location of 
the micrometeorological station (labeled Met. Station in figure) which provides the field 
data in Section 6 is located ~halfway between the headwall and the toe of Mullins Glacier. 
The ice table depth at the micrometeorological station is 25 cm, while at the sample location 
of JKS-10-020 it is ~70 cm. 
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Table 3.1. Particle sizes for JKS-10-020 and the Mullins Composite sediment. 
 
Size range (mm) Mass per 100g total Fraction finer 
8-16a 14.9 0.851 
4-8 11.2 0.739 
2-4 11.9 0.62 
1-2 12.3 0.497 
0.5-1 13.5 0.362 
0.25-0.5 18.7 0.175 
0.125-0.25 11.3 0.062 
0.063-0.125 4.2 0.02 
<0.063 2.0 -- 
  a This size fraction was not used in the final sediment mixture 
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Figure 3.3. Particle size distribution of JKS-10-020 and the Mullins Composite.  
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5.2 Environmental chamber setup 
 We used an ESPEC environmental Chamber, model EPX-3H, coupled with an 
oil-free Atlas Copco air compressor and dry-air purge system (capable of producing air 
with a dewpoint < -30°C) to analyze sublimation through Mullins Composite (MC) 
standard. The internal chamber compartment (Figure 3.4B) is equipped with two 
analytical balances set on anti-vibration pads (see below), a suite of Onset Computer 
Corporation HOBO micrometeorological sensors (air temperature, relative humidity 
(RH) and air pressure; see specifications in Appendix B), and a Plexiglas air shield to 
block air flow from the chamber’s air inlet from passing directly over the sample. The ice 
core sediment samples are ~ 30 cm tall and made from rigid, clear butyrate tubing with a 
3.25 in (82.55 mm) inner diameter and capped at one end (Figure 3.4C). Readings from 
an anemometer mounted in the chamber during experiments showed that the air speed at 
the height of the samples was generally between 0-0.1 m/s with this air shield 
configuration.  The chamber temperature was set to -10 C, varying less than 0.1°C during 
the course of each experiment. At -10°C, RH values varied between 10%-20%, reflecting 
fluctuations in the ambient air conditions at the compressor intake. 
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Figure 3.4. Experimental setup of sublimation experiments. (A) The outside of the 
environmental chamber. The micrometeorological sensors and balance connections are fed 
through a port on the left-hand side of the chamber which is insulated with foam. (B) The 
inside of the test chamber. A balance is seated on an anti-vibration pad, and is surrounded 
with a Plexiglas air shield; a second air shield, which provides coverage to ~twice the height 
of the Plexiglas shield is not pictured. Micrometeorological sensors are pictured, as well as a 
battery powered anemometer. (C) a butyrate sample container (~30 cm tall). 
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5.3 Balances 
 Mettler Toledo MS4002S laboratory balances (4200 g capacity and a readability 
of 0.01 g) were used within the environmental chamber to record changes in the mass of 
studied ice samples.  Prior to conducting individual experiments, we tested the stability of 
the balances at subzero temperatures. The balances were placed into the chamber at -10 
°C for 24 hours, loaded with standard weights of 500 g to 1500 g, and masses were 
recorded every 60 seconds (Figure 3.5). The results of this test showed the balances 
maintained high precision but required a start-up period of ~2-3 hours to enable the scales 
to equilibrate to the chamber temperatures. Therefore, we exclude the first 3 hours of data 
in all sublimation experiments in order to account for scale equilibration. 
 
5.4 Experimental procedures 
 For each experiment, butyrate sample containers (~30 cm tall; Figure 3.4C) were 
filled with deionized water to a pre-determined height and frozen to produce a ~20-30 cm 
ice core; a prescribed thickness (0-69 mm) of MC was then added to the top of the ice 
column. To prevent melting at the ice-sediment boundary, the MC sediment was pre-
cooled to -10°C. Measurements of mass loss were recorded every 60 seconds, and 
experiments were run for varying lengths of time, ranging from ~ 24 hours for bare ice to 
~ 2 weeks for the thickest sediment cover. All experiments were run at -10°C to reflect 
the mean summertime temperature at the study site (Mackay et al., 2014). Additionally, 
as a control, a MC sample was run by itself in chamber at -10°C to determine whether 
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desorption from the sediment was in part responsible for any mass loss seen in the 
sublimation experiments. 
 At the conclusion of each experiment, the sublimation rate was determined by 
fitting a linear trend line to the measured mass versus time data. The RH and air pressure 
for each experiment were determined by averaging the measured RH and air pressure 
over the portion of the experiment used in the sublimation rate calculation.  
 
6. Results 
6.1 Experimental results  
 Experimental results show that sublimation rates decrease nonlinearly with 
increased thickness of overlying MC samples (Table 3.2). A typical mass loss vs time 
graph is plotted in Figure 3.6; the data show that our 60 second data-recording interval is 
sufficient to produce a strong linear trend, despite chamber vibrations adding noise to the 
balance readings. The full data for each experiment is given in Appendix B. We found no 
evidence for mass loss due to desorption from the isolated MC sediment (no ice) 
experiment. 
 
6.2 Diffusivity of Mullins till 
 We use the experimental results along with Eq. 3.9 to determine the effective 
diffusivity in Mullins till. Assuming steady-state conditions and a constant temperature 
profile in the sediment during our experiments (i.e., Tice = Tatm = T), Eq. 3.9 reduces to: 
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𝐸 = −  𝐷𝑒𝑓𝑓 𝑀𝑤 𝑃𝑠𝑎𝑡
𝐿 𝑅 𝑇𝜌𝑖𝑐𝑒  [1 − 𝑅𝐻]    (Eq. 3.10) 
where RH is the relative humidity, equal to Patm/Psat, and ρice is the density of ice at -10°C 
which is ~918.2 kg m-3 (Haynes, 2015). 
We correct for fluctuations in RH and air pressure (Pair) during our experiments using: 
𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑥𝑝  ��1− 𝑅𝐻 𝑐𝑜𝑟𝑟 1− 𝑅𝐻 𝑒𝑥𝑝 � �𝑃𝑎𝑖𝑟,𝑒𝑥𝑝𝑃𝑎𝑖𝑟,𝑐𝑜𝑟𝑟��   (Eq. 3.11) 
where Ecorr is the corrected sublimation rate and Eexp is the experimentally determined 
sublimation rate. Using Eq. 3.11, each experimentally derived sublimation estimate made 
at conditions of RHexp, Pair,exp can be converted to the expected sublimation rate at 
consistent RH, Pair values. In order to accurately compare the sublimation results between 
experimental runs, we corrected the sublimation rate for each experiment using Eq. 3.11 
to represent the following ambient conditions: T = -10°C, RHcorr = 40%, Pair,corr = 850 
mbar (Table 3.2).  
 We use values of Ecorr at each sediment thickness to approximate the value of Deff 
for Mullins till according to Eq. 3.10. We first define a parameter β: 
𝛽 =   𝑀𝑤 𝑃𝑠𝑎𝑡
𝐿 𝑅 𝑇𝜌𝑖𝑐𝑒  [1 − 𝑅𝐻]    (Eq. 3.12) 
So that 
𝐸𝑐𝑜𝑟𝑟 =  𝛽𝐷𝑒𝑓𝑓 .     (Eq. 3.13) 
 From the slope of a Ecorr versus β plotted for each sediment thickness (Figure 3.7) 
we can now estimate the value of Deff for Mullins till. For a chamber temperature of -
10°C, 40% RH and an atmospheric pressure of 850 mbar, our experimental results 
indicate an effective diffusivity of 4.539 x 10-6 m2 s-1 for Mullins till.  Next, we estimate 
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the tortuosity in the sediment using Eq. 3.3 with our known value of porosity (0.298, 
from Section 5.1.1) and an estimate of Df (in m2 s-1) for water vapor in air given as 
(Schwertz and Brow, 1951): 
𝐷𝑓  =  (1.87 × 10−10) 𝑇2.072 𝑃𝑅𝑃     (Eq. 3.14) 
where PR = 1013 mbar, and T and P are the values used in our experimental determination 
of Deff (-10°C, and 850 mbar). With our estimated Deff value, we arrive at an estimated 
tortuosity in the MC sediment of ~1.58. 
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Figure 3.5. Analytical balance stability results. The balance was placed in the chamber at -
10°C with a 1500 g standard weight and mass measurements taken every 60 seconds. After 
2-3 hours, the measurements become stable. 
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Figure 3.6. Example output from a sublimation experiment run. Figure shows the mass loss 
vs. time for ice under 18 mm of MC sediment measured at 60 second intervals. The R2 value 
of the best fit line shown in red is 0.93. 
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Table 3.2. Results from sublimation experiments. 
 
Sediment 
depth 
(mm) 
Average 
RH (%) 
Average 
pressure 
(mbar) 
Experimental 
sublimation rate 
(10-10 m s-1) 
Corrected 
sublimation ratea 
(10-10 m s-1) 
β  
(10-5 m-1) 
0 19.58 1025.51 208.4 187.6 -- 
0 19.58 1025.51 162.9 146.6 -- 
6 18.32 1009.28 11.84 10.32 23.36 
7 11.10 1017.75 12.41 10.03 20.02 
11.5 11.10 1017.75 9.465 7.648 12.19 
12.5 18.32 1009.28 7.550 6.585 11.21 
18 15.69 1028.11 5.450 4.691 7.785 
30.5 15.69 1028.11 3.501 3.014 4.594 
42 15.77 1016.64 1.914 1.631 3.336 
69 15.77 1016.64 1.103 0.9396 2.031 
a Corrected to 40% RH and 850 mbar 
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Figure 3.7. Sublimation rate versus β. The value of Deff is approximated by the slope of the 
line to be 4.5392 x 10-6 m2 s-1. The R2 value for the line is 0.95. 
 
  
y = 0.0000045392x + 0.0000000001
0
2E-10
4E-10
6E-10
8E-10
1E-09
1.2E-09
0 0.00005 0.0001 0.00015 0.0002 0.00025
Su
bl
im
at
io
n 
R
at
e 
(m
 s
-1
)
β (m-1)
  
108 
6.3 Sublimation rates on Mullins Glacier 
 We now utilize our estimate of Deff, in conjunction with measured 
micrometeorological values, to estimate the sublimation rate near the terminus of Mullins 
Glacier in Beacon Valley, where the till thickness  approaches 70 cm (Kowalewski et al., 
2011). Using an existing multi-year record of air temperature, RH, and pressure, as well 
as subsurface soil temperatures at depths of 1 to 25 cm in Mullins till (Kowalewski et al., 
2011), we first estimate the thermal diffusivity of Mullins till and then use this value to 
calculate the temperature expected at a depth of 70 cm. We then estimate the average 
value of Deff, which itself changes with temperature and air pressure, in the sediment 
column at each time interval. Lastly, we use Eq. 3.9 to determine the sublimation rate of 
Mullins Glacier ice at each time step and average the values to determine the average 
annual sublimation rate. 
 
6.3.1 Micrometeorological data 
 Multi-year records of air temperature, RH, and pressure at 2 cm above the till 
surface, as well as temperature at depths of 1, 10, 20, and 25 cm (the ice table) depth in 
Mullins till are available from a micrometeorological station, located approximately 
halfway between the glacier headwall and terminus (Figure 3.2). The values are stored 
every 30 minutes using Onset HOBO dataloggers and smart sensors.. In this study, we 
use a year of continuous data from January 1, 2011-January 1, 2012. 
 Onset HOBO RH sensors are less sensitive in sub-zero environments and tend to 
underestimate the actual RH (Kowalewski et al., 2006). We correct for this by 
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multiplying the RH record by a constant so that the highest recorded RH during the 2011-
2012 data period equals 100%. The highest RH recorded during this time was 92.25% 
during a snowfall event (when RH should be ~100%); therefore we increase each 
recorded data point by ~8.4%. The time series and average micrometeorological data for 
the year of interest are provided in Figure 3.8, Figure 3.9, and Table 3.3. 
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Figure 3.8. 2011 air pressure (black line) and adjusted RH (blue line) from Mullins Glacier. 
Time 0 corresponds to January 1, 2011. All RH values are increased by 8.4% to correct for 
the loss in sensor sensitivity at subzero temperatures. 
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Figure 3.9. 2011 air and till temperatures measured on Mullins Glacier. Data series starts at 
January 1, 2011 to and ends on January 1, 2012. 
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Table 3.3. Summary of 2011 meteorological measurements on Mullins Glacier. 
 
 Temperature (°C) 
RH (%) Pressure (mbar)  Air 1 cm 10 cm 20 cm 25 cm 70 cm 
Average -20.49 -20.22 -20.18 -20.10 -20.37 -20.22 61.27 819.95 
Maximum 2.46 13.14 4.48 -3.07 -5.70 -15.17 100 854.15 
Minimum -43.24 -44.87 -40.06 -33.77 -31.92 -25.27 7.32 792.75 
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6.3.2 Estimate of temperatures at 70 cm depth 
 In order to approximate the sublimation rate of ice buried under 70 cm of till, we 
first approximate the temperature wave at 70 cm depth using the measured till 
temperatures. We find a best fit cosine curve for each temperature wave (see Figure 3.10) 
and then approximate the thermal diffusivity (κ) in the till using: ln𝐴𝑧 =  ln𝐴0 − 𝑧�𝑇𝜓𝜅 𝜋⁄     (Eq. 3.15) 
where ψ is the period, z is the depth, A0 is the amplitude of the temperature wave at the 
surface, and Az is the amplitude at depth z. We approximate κ by finding the best-fit line 
to a plot of ln(Az) vs. z, and solving for κ  from the slope (Figure 3.11). This results in an 
estimated thermal diffusivity for Mullins till  of ~ 2.104 x 10-7 m2 s-1, which is in line 
with previous estimates for supraglacial till and other sediment in the MDV (Campbell 
and Claridge, 2006; Kowalewski et al., 2011). We then approximate the temperature 
wave at z = 70 cm by estimating the amplitude via Eq. 3.15, and the phase shift by the 
best fit slope of the phase shift vs. z from the measured temperature at shallower depths. 
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Figure 3.10. Sinusoidal fits to Mullins till temperature data. The best fitting curves from 
depths 1, 10, 20, and 25 cm depths were used to approximate the temperature at 70 cm 
depth. 
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Figure 3.11. Determination of amplitude and phase shift for sinusoidal till temperature 
curves. 
 
  
y = -1.453x + 2.637
y = -1.109x + 0.116
-0.25
-0.19
-0.13
-0.07
-0.01
0.05
0.11
0.17
2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
0 0.05 0.1 0.15 0.2 0.25 0.3
Ph
as
e 
sh
ift
In
(a
m
pl
itu
de
)
Depth (m)
Amplitude Phase Shift Linear (Amplitude) Linear (Phase Shift)
  
116 
6.3.3 Sublimation model  
 We now use the measured (1, 10, 20 and 25 cm depth) and estimated (70 cm 
depth) Mullins till temperatures, coupled with our estimate of Deff from the chamber 
experiments, to approximate the sublimation of Mullins Glacier ice under 70 cm of till.  
The diffusion coefficient is not constant, but has been found to correlate approximately 
with temperature and pressure as (Chen and Othmer, 1962): 
𝐷𝑓 ∝  𝑇32𝑃      (Eq. 3.16) 
We estimate Deff at each depth and time using: 
𝐷𝑒𝑓𝑓 =  𝐷𝑒𝑓𝑓,𝑒𝑥𝑝  𝑃𝑒𝑥𝑝𝑃 𝑇32
𝑇𝑒𝑥𝑝
3
2
    (Eq. 3.17) 
where Pexp and Texp are the pressure and temperature at which the experimentally 
determined value of Deff,exp was calculated, P and T are the average values of air pressure 
and temperature between each temperature record location. At each 30-minute time 
interval, we calculate Deff for five till depth segments of the till column: 0-1 cm depth, 1-
10 cm depth, 10-20 cm depth, 20-25 cm depth, and 25-70 cm depth. We determine a 
depth-averaged value of diffusivity (Deff,avg) from these values and apply it to the total 
sediment column at each time step. The air pressure is assumed to be constant through the 
till column at each time step. 
 The density of ice (ρice) also varies slightly with temperature. We approximate this 
variability over the range of 0°C to -50°C using a linear fit to density measurements 
(Haynes, 2015) resulting in: 
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𝜌𝑖𝑐𝑒 = −0.13514 𝑇𝑖𝑐𝑒 + 953.719    (Eq. 3.18) 
where Tice is the temperature in K at the ice-sediment boundary. 
 Finally, we solve for the sublimation rate at each 30-minute time step using 
𝐸(𝑡) = −  𝐷𝑒𝑓𝑓,𝑎𝑣𝑔(𝑡)  𝑀𝑤
𝑧 𝑅 𝜌𝑖𝑐𝑒(𝑡)  �𝑃𝑠𝑎𝑡,70(𝑡)𝑇70(𝑡) −  𝑃𝑠𝑎𝑡,𝑎𝑖𝑟(𝑡) 𝑅𝐻𝑎𝑖𝑟(𝑡)𝑇𝑎𝑖𝑟(𝑡) �  (Eq. 3.19) 
where Psat,70, and T70 are the conditions at 70 cm depth (the ice table depth) assuming 
saturated conditions at the ice-sediment interface, and Psat,air, RHair, and Tair are the 
conditions at the till surface. Using Eq. 3.19, we find that the annual average sublimation 
rate under 70 cm of Mullins till is ~0.0678 mm yr-1 over the 2011-2012 measurement 
period. Figure 3.12 shows the estimated sublimation rate at each time step. 
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Figure 3.12. Modeled sublimation rates ice under 70 cm of till for Mullins Glacier. Time 
series reflects estimates of the sublimation rate at 30-minute time intervals from January 1, 
2011 to January 1, 2012. A negative value represents mass loss via sublimation, and a 
positive value represents vapor diffusion inward towards the buried ice surface. 
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7. Discussion  
7.1 Environmental chamber use for Antarctic sublimation studies  
 This study is the first of its kind to use field-site sediment samples and a climate-
controlled environmental chamber to examine sublimation rates of buried ice under 
Antarctic climate conditions.  The linearity of the data plotted in Figure 3.7 shows that 
our experimental setup accurately captures steady-state vapor diffusion through the 
sediment column. This experimental setup required the use of an air shield surrounding 
the sample; anemometer measurements showed that the use of the air shield was effective 
in reducing the air speed over the open surface of the sediment columns to ~ 0 m s-1. 
Preliminary studies of the sublimation of bare ice columns (i.e. no sediment cover) 
demonstrate that without the air covers, advection causes more than an order of 
magnitude increase in the sublimation rate.   
 The presence of nitratine in the Mullins till sediment points to another process 
which may play a role in the regulation of sublimation rates on Mullins Glacier. Nitratine 
is highly deliquescent and rapidly absorbs water from the surrounding air (Steiger, 2003). 
High concentrations of NaNO3 or other deliquescent salt species may result in water 
vapor becoming absorbed to salt crystals when the local RH or vapor concentration is 
high; a process that can be reversed (i.e., efflorescence) when the RH lowers (Hoffman et 
al., 2004). These processes can locally alter the vapor pressure gradient driving diffusion 
and prevent the vapor from diffusing through the entirety of the soil column, as well as 
lead to changes in the sediment porosity. 
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7.2 Longevity of buried ice 
 Our estimated annual sublimation rate for the studied portion of Mullins Glacier  
(0.0678 mm yr-1) is on the low end of the range of previous sublimation estimates made 
in the MDV, and is very close to the estimates made by Kowalewski et al. (2006). Using 
the estimated thickness of  buried ice from Mullins Glacier in Beacon Valley, ~150 m 
(Shean and Marchant, 2010), we estimate that present-day Mullins Glacier ice could be 
preserved for an additional ~2.2 x 106 years.  In order for buried portions of Mullins 
Glacier ice to have been preserved since the mid-Miocene climate transition (~14 Ma) 
(Marchant et al., 2002), or the late Miocene epoch (8.1 Ma, in reference to buried ice 
from Taylor Glacier in central Beacon Valley, e.g., Sugden et al., 1995) glacier 
thicknesses would had to have been ~950 m higher (for an age of 14 Ma) and ~550 m 
(for an age of 8.1 Ma) than at present.  However, work by Kowalewski et al. (2011) 
showed that slight increases in RH, snow, and/or cloud cover, all of which have most 
likely varied considerably (and at higher-than present levels) since the Miocene can 
effectively halt the sublimation of Mullins Glacier ice.  
   
8. Conclusions 
 We determine an effective diffusivity for Fickian vapor transport through Mullins 
till via direct measurements of sublimation rates in an environmental chamber. Results 
show Deff at -10°C, 40% RH, and 850 mbar to be 4.539 x 10-6 m2 s-1. We use this value 
coupled with micrometeorological measurements on Mullins Glacier to estimate the 
sublimation rate of buried glacial ice under 70 cm of till cover as 0.0678 mm yr-1, a value 
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which is in line with previous sublimation rate estimates. These results provide further 
evidence supporting the probable antiquity of Mullins Glacier ice, and the stability of the 
upland MDV.  
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CHAPTER FOUR:  
Rock weathering and clast erosion on Mullins Glacier, Antarctica 
 
Abstract 
We examine the erosion of dolerite clasts on Mullins Glacier, a debris-covered 
glacier in the McMurdo Dry Valleys. Using a combination of field measurements and an 
iterative model for terrestrial cosmogenic nuclide (TCN) surface ages, we find that the 
erosion rate for sampled clasts on Mullins till range from ~1.1 cm Myr-1 to ~15 cm Myr-1; 
the range highlights the importance of using sample-specific erosion rates in the 
calculation of surface exposure ages. The average erosion rate among the studied clasts 
on Mullins till was 8.8 cm Myr-1; this value is in accord with previous estimates for 
erosion of bedrock in the western Dry Valleys region. We find that episodic detachment 
of near-surface alteration rinds accounts for removal of up to ~12.8 cm Myr-1 from 
exposed rock surfaces on Mullins till, suggesting that flaking is the primary mechanism 
by which dolerite clasts erode in the western MDV. We also find that the alteration rinds 
tend to accumulate in the matrix of Mullins till, partially burying surface clasts, and 
potentially providing a negative feedback for further flake detachment (flakes only form 
on exposed surfaces). In general, the low clast-erosion rates modeled in this study 
corroborate earlier reports that document long-term landscape preservation under hyper-
arid, cold-desert conditions.  
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1. Introduction 
 The high-elevation, western McMurdo Dry Valleys region (MDV) represents one 
of the coldest, driest, and windiest areas on the planet. At ~78°S latitude, liquid water is 
rare and ephemeral. Consequently, weathering is largely dominated by mechanical 
processes (Marchant and Head, 2007).   
 The most common agents of mechanical weathering in arid regions include salt 
weathering (Cooke and Smalley, 1968), aeolian abrasion (Gillies et al., 2009; Matsuoka 
et al., 1996), thermal stress weathering (Hall et al., 2008; Hall and Thorn, 2014; 
McFadden et al., 2005), and microgelivation processes (Hallet et al., 1991; Walder and 
Hallet, 1985). Given the paucity of liquid water in these regions, rates of mechanical 
weathering may be exceedingly slow. For example, erosion of exposed bedrock and 
isolated clasts in the western MDV/Transantarctic Mountains may be as low as ~5 cm 
Myr-1, the lowest rates measured on Earth (Margerison et al., 2005; Schäfer et al., 1999). 
It is in part because of these low erosion rates in the MDV that glacial deposits and 
landforms have been preserved for up to 14 million years, making the MDV a unique 
repository of Miocene-Pliocene climate and coeval ice-sheet/alpine glacial history (Lewis 
et al., 2008; Lewis et al., 2007; Marchant et al., 1993; Staiger et al., 2006; Sugden et al., 
1995; Sugden et al., 1999).  
 Given the extreme antiquity of the MDV, robust chronological control is required 
to delineate long-term changes in ice sheet and landscape evolution, and to assess 
potential leads and lags among glacier fluctuations, tectonic movements, and climate 
change (e.g., Lewis et al., 2007). However, the most common method of dating ancient 
  
128 
glacial deposits in the MDV - terrestrial cosmogenic nuclide (TCN) dating - suffers from 
poorly constrained estimates for surface erosion, unknown nuclide inheritance, and 
variable nuclide production rates.  
 In order to better constrain erosion rates in the western MDV, we examine the 
style and rate of mechanical weathering of cobbles of Ferrar Dolerite in Mullins Valley, 
Quartermain Mountains (77.89°S, 160.58°E). The examined clasts rest on top of Mullins 
Glacier, a debris-covered alpine glacier that ranges in age from modern near the valley 
head to >> 1.6 Myr on the floor of central Beacon Valley (Yau et al., 2015). The results 
are used to better approximate overall clast erosion rates in the western MDV and help 
refine TCN dating studies in this region.  
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Figure 4.1. Location of Mullins Glacier. Mullins Glacier is shown by the white box in the 
lower left portion of the figure, lying partially in Mullins and Beacon Valley in the 
Quartermain Mountains. The East Antarctic Ice Sheet lies directly to the west (left) of the 
figure. 
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2. Setting 
2.1 Mullins Glacier 
Mullins Glacier is an ~8-km long, debris-covered alpine glacier occupying 
Mullins Valley and the upper and central portions of Beacon Valley (Figure 4.1). The 
glacier is covered with a thin sublimation till 0-70 cm thick that protects the underlying 
ice from rapid sublimation (Kowalewski et al., 2011). Mullins Glacier flows with a 
maximum velocity of 40 mm yr-1 near the valley head, but decreases to < 1-2 mm yr-1 
(essentially stagnant, within measurement error) out on the floor of upper Beacon Valley 
(Rignot et al., 2002). 
 The mean annual and summertime atmospheric temperatures on Mullins Glacier 
are -23°C and -11°C respectively (Kowalewski et al., 2011); snowfall is < 50 mm yr-1 
(Fountain et al., 2010; Mackay et al., 2014). The cold and dry conditions prevent freezing 
and thawing of the buried-ice surface, as well as within the overlying Mullins till. 
Moreover, due to the absence of saturated active layers (Marchant and Head, 2007; 
Morgan et al., 2010, 2011), Mullins till is extremely stable, with clasts remaining 
relatively undisturbed at the surface for millions of years (Marchant et al., 1996; 
Marchant et al., 2007; Sugden et al., 1995). As a consequence, the clasts are not subjected 
to repeated episodes of burial and exposure through cryoturbation (as typically occurs in 
high-latitude areas with saturated active layers (Hallet and Waddington, 1991; Marchant 
and Head, 2007)).  
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2.2 Mullins till and Ferrar Dolerite 
 Mullins till is largely composed of clasts and fragments of Ferrar Dolerite. The 
Ferrar Dolerite, a Jurassic-age mafic intrusive composed primarily of pyroxene and 
plagioclase feldspar, crops out as thick sills between Devonian-to-Triassic-age 
sedimentary formations of the Beacon Supergoup. Mullins till is sourced entirely from 
rockfall at the headwall of Mullins Valley – without additional input from valley 
sidewalls or basal entrainment (Mackay et al., 2014) – and clasts and debris are 
transported along supraglacial and/or englacial pathways. Dolerite clasts within Mullins 
till exhibit a range of crystal sizes, ranging from coarse-grained varieties with crystals up 
to 5 mm, to fine-grained dolerite exhibiting crystals < 1 mm (Heyn et al., 1995). As 
reported in Campbell and Claridge (1987), the grain size of mineral constituents in 
igneous rocks in the MDV impacts rates of mechanical weathering, with coarse-grained 
rocks typically showing relatively higher rates of breakdown than finer-grained rocks. To 
avoid this potential complication, we here focus solely on mechanical weathering of fine-
to-medium-grained dolerites, e.g., clasts with plagioclase laths < 0.5 mm in width; such 
clasts are typical of most Ferrar Dolerite observed on Mullins Glacier.   
Although mechanical weathering dominates surface erosion in the MDV (Allen 
and Conca, 1991), Salvatore et al. (2013) showed that clasts of Ferrar Dolerite on Mullins 
Glacier experience minor chemical alteration, especially when exposed at the ground 
surface for 104-105 yrs. Observed and measured changes include the development of mm-
scale alteration rinds. These alteration rinds appear visible in near-infrared spectroscopy, 
and can be seen as a reddening extending ~ 1-3 mm into the rock in cross section. 
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However, x-ray diffraction (XRD) analyses show that this chemical alteration is very 
immature; the rinds lack secondary crystalline phases of iron oxides and show no 
evidence for clay minerals as is typical of most rinds (Salvatore et al., 2013).  
 
2.3 Mullins till: a soil chronosequence 
Several researchers have tried to exploit the gradual down-valley flow of Mullins 
till as a proxy for exposure age, essentially treating Mullins till a multi-million year old 
soil chronosequence (Bao and Marchant, 2006; Kowalewski et al., 2011; Mackay et al., 
2014; Marchant and Head, 2007). Based on (1) extrapolating modern horizontal ice 
velocities back in time (Rignot et al., 2002), (2) dating the age of trapped air in bubbles 
within Mullins Glacier (Yau et al., 2015), and (3) measuring the cosmogenic-nuclide 
inventory of surface clasts on Mullins till (Mackay and Marchant, 2016), this assertion is 
largely correct, with all estimates of age suggesting that Mullins till ages from modern 
near the valley headwall to >> 1.6 Myr in upper and central Beacon Valley. 
In the following sections, we outline progressive changes in rock flaking and 
pitting observed in clasts of Ferrar Dolerite as a function of increasing transport distance 
from the valley headwall; we also examine corresponding changes in the matrix fraction 
of Mullins till (< 2 mm fraction) as well as the degree to which clasts at the surface 
appear perched or partially buried in Mullins till. Additional changes, such as down-
valley variations in overall rock morphology and angularity are presented in Appendix C.  
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Figure 4.2. Typical variation observed on clasts of Ferrar Dolerite on Mullins Glacier. (A) A 
fresh, little-weathered clast exposed in the ice-accumulation area / uppermost ablation area 
near the valley headwall. (B) At ~ < 1 km from the headwall, clasts typically exhibit 
partially detached alteration rinds. (C) A clast displaying well-formed surface pits.  
  
  
  
  
A 
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3. Field and laboratory methods 
 We conducted 26 field surveys along Mullins Glacier to deduce the spatial and 
temporal variation in the development of mm-scale flakes and pits on the surface of 
exposed clasts of Ferrar Dolerite. The surveys, described below, focused on delineating 
the change in surface morphology as a function of increasing transport distance down 
glacier. In addition, in order to determine how weathering products contribute to the 
matrix of Mullins till, we analyzed sediment from 11 excavations spaced evenly along the 
centerline of Mullins Glacier. The locations for all field measurements, as well as the 
location of the datum used for distance measurements, are provided in Figures 4.3-4.8. 
Tabulated measurements are provided in Appendix D. 
 
3.1 Small-scale surface features 
Partially detached alteration rinds. We measured the frequency and morphology 
of partially detached, mm-scale alteration rinds (Figure 4.2B) on the surface of exposed 
dolerite clasts at 11 locations along the glacier centerline. At each location, we measured 
≥ 400 clasts in a 50-m radius. The survey started near the valley headwall, where the first 
cluster of rockfall debris was present on exposed glacier ice, and continued for ~7.5 km 
out onto the floor of upper Beacon Valley (Figure 4.3). Where flaking was observed, we 
measured the thickness of 25-30 flakes at each site using digital calipers (precision ± 0.01 
mm). Five samples of individual flakes at each site were collected for subsequent 
laboratory analysis. 
 
  
135 
Surface pits. Using digital calipers, we measured the depth and diameter of 
surface pits (Figure 4.2C) on 25 clasts at 15 sites on Mullins glacier (Figure 4.4). For 7 of 
the sites, we measured 6 representative (average sized) pits; for the other 8 sites, we 
recorded the largest and smallest diameter pit, as well as the width and depth for at least 
three additional, representative pits on each clast. 25 clasts with pits were collected for 
laboratory analysis. 
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Figure 4.3. Locations of rind flake measurements on Mullins Glacier.  
  
137 
 
Figure 4.4. Locations of surface pit measurements on Mullins Glacier. 
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3.2 Sediment collection  
 In order to determine how weathering products might contribute to the matrix of 
Mullins till, we collected sediment from 11 excavations located along the glacier 
centerline (Figure 4.5). The samples were collected along the entire length of the glacier, 
from the first appearance of gravel and sand near the valley headwall to thick (> 70 cm) 
exposures of Mullins till in central Beacon Valley. At each excavation, we dry sieved 
shallow surface samples (0 to 5 cm depth) into coarse (16-to-64 mm) and fine (< 16 mm) 
fractions. Where the overlying till was ≥ ~5-cm thick, we collected additional samples at 
a range of depths down to the buried-ice surface. In areas with sublimation polygons, we 
avoided complications associated with aeolian infill and slumping at polygon margins 
(Kowalewski et al., 2011), and collected samples only at polygon centers. Additionally, 
we collected samples of surface and subsurface salt encrustations at 19 locations along 
the glacial centerline (Figure 4.6). These samples include salts from the till surface (upper 
1-2 cm), as well as from the side/underside of clasts in areas with visible salt 
concentrations. All salt samples were stored at ≤ -10°C prior to XRD analysis. 
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Figure 4.5. Locations of sediment samples from Mullins Glacier. 
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Figure 4.6. Locations of salt samples from Mullins Glacier 
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3.3 Clast position and Schmidt hammer measurements 
The degree to which clasts appear perched on glacial deposits has been used as a 
proxy for age in previous studies (Denton and Marchant, 2000; Stuiver et al., 1981). On 
Mullins glacier, we measured the maximum height of clasts above and below the till 
surface (matrix) at 22 locations (Figure 4.7). Typically, the subsurface portion of each 
clast displays a distinct color variation (with respect to exposed rock surfaces, e.g., 
Kowalewski et al., 2011; Fig. 5); this enabled precise measurement of the fraction 
situated above and below the ground surface. Additionally, rebound values (R-values) for 
a minimum of 50 separate dolerite clasts at 10 sites (Figure 4.8) were determined using a 
Type N Schmidt hammer. Schmidt hammer measurements have been shown to correlate 
well with rock compressive strength (e.g., Yagiz, 2009), weathering grade (e.g., Aydin 
and Basu, 2005), and relative exposure age (e.g., Shakesby et al., 2006; Winkler, 2009). 
In this study, we measured five R-values per rock, discarding the highest and lowest 
values to arrive at a final score by averaging the remaining three measurements. 
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Figure 4.7. Locations of perched and buried clast measurements on Mullins Glacier. 
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Figure 4.8. Locations of Schmidt hammer measurements on Mullins Glacier. 
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3.4 Laboratory analyses 
 We analyzed the matrix fraction of Mullins till (grain sizes < 2 mm) at Boston 
University for the abundance of detached alteration rinds. We dry sieved samples through 
a stack of -3.0 φ, -1.0 φ and 4.0 φ sieves, and then examined each fraction with an optical 
microscope to determine the abundance of detached alteration rinds present in the -1.0 φ 
fraction; the 4.0 φ fraction contained primarily individual grains as opposed to cohesive 
flakes, and only a single flake was caught in the -3.0 φ fraction throughout all samples. 
The weight of the collected alteration rinds was compared with the total weight of the 
size fraction to compute an estimate of the alteration rind mass fraction within Mullins 
till.  
 We analyzed salt samples from Mullins till using a Rigaku MiniFlex Powder 
Diffractometer at Boston University. Diffraction patterns were analyzed using the Jade 9 
data analysis program. We also examined salt deposits observed at the base and sides of 
surface pits on dolerite clasts using optical microscopy. 
 
4. Results 
4.1 Small-scale surface morphological features 
4.1.1 Partially detached alteration rind flakes 
 The percentage of dolerite clasts exhibiting flakes increases from ~11% at the 
headwall, to ~50% at 1.5 km farther down-valley (Figure 4.9). Within the subset of 
dolerites exhibiting flakes at the headwall (11%), most clasts show only one face 
exhibiting flakes, with all other sides being entirely fresh (Figure 4.2A). The 
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interpretation is that any face with flakes was exposed on the headwall, whereas all other 
sides represent fresh faces exposed during rock fall. If correct, the implication is that the 
vast majority of rocks on Mullins glacier start with fresh surfaces. At distances beyond 
~1.5 km from the headwall, the percentage of dolerites exhibiting flakes is consistently 
between 40% and 60%. 
Although flake frequency does not increase down glacier beyond 1.5 km, the 
maximum flake thickness at each site increases linearly with distance down-valley, 
approaching 4 mm near the glacier terminus; conversely, the minimum flake thickness is 
typically constant at ~1 mm (Figure 4.12). In all cases, partially detached flakes only 
appear on exposed rock surfaces.  
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Figure 4.9. Fraction of dolerite clasts exhibiting partially detached alteration rind flakes. 
For a majority of the rocks examined at Sites 1 and 2 (within 1 km of the first rocks on the 
headwall) which displayed flaking, the flaking was constrained to one face, with the other 
faces appearing fresh / unweathered. We interpret this as representing inherited weathering 
from the headwall cliff. Between 0.7 km and 1.5 km from the headwall, ~50% of dolerites 
exhibit flaking, a number which does not change (with statistical significance) further 
down-valley.  
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Figure 4.10. All measured flake thicknesses from Mullins Glacier. Flakes range from < 1 
mm to ~ 4 mm thick. 
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Figure 4.11. Average flake thickness at each survey location on Mullins Glacier. Best-fit line 
equation (red line) is: y = 0.0609x+ 1.5649; R2 = 0.73. Error bars represent 1 standard 
deviation. 
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Figure 4.12. Maximum (blue circles) and minimum (red circles) flake thicknesses from each 
survey location. The maximum and minimum values are determined by averaging the 3 
thickest and thinnest flakes respectively at each location. The maximum flake thickness 
increases with distance from the headwall and surface exposure duration, while the 
minimum flake thickness stays nearly constant at ~ 1 mm. R2 values for the linear fits 
shown by dashed lines are 0.74 for maximum thicknesses and 0.08 for minimum flake 
thicknesses. 
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4.1.2. Surface pits 
 Surface pits on exposed clasts of Ferrar Dolerite have been described previously 
in Staiger et al. (2006) and Swanger et al. (2011). In each of these studies, the average 
depth and width of weathering pits appears to show a linear increase with exposure age.  
Consistent with these earlier reports, we find that the width and depth of surface pits, and 
hence of the pit volume, on clasts of Ferrar Dolerite increases progressively with distance 
from the headwall (Figures 4.13, 4.14). 
SEM and optical microscopy images show (1) salts typically accumulate at the 
base and sides of weathering pits (Figure 4.15) and (2) that rock alteration beneath pits 
extends deeper than outside pits (Figures 4.16, 4.17).  
XRD analyses of salt encrustations show that almost all salts are sulfates (Table 
4.1), including thenardite (Na2SO4), mirabilite (Na2SO4·10H2O), and gypsum 
(CaSO4·2H2O). Mirabilite is only found in association with thenardite. Thenardite 
dominates samples within the first ~4.3 km of the glacier in Mullins Valley (i.e., closer to 
the headwall), whereas gypsum is more typical on samples located a greater distance 
from the headwall. 
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Table 4.1. XRD salt identification results.  
 
Sample ID Distance from headwall (m) 
Sample 
descriptiona 
Saltsb 
T M G H C 
JKSALT-12-001 3301 r, s X     
JKSALT-12-002 3381 r, s X   X  
JKSALT-12-003 3578 r, s X     
JKSALT-12-004 3747 r, s X X    
JKSALT-12-005 3947 r X  X   
JKSALT-12-007 4064 r   X   
JKSALT-12-006 4141 r, s X X    
JKSALT-12-008 4179 r X X    
JKSALT-12-009 4313 r X     
JKSALT-12-010 4401 r   X   
JKSALT-12-019 4492 r, s   X   
JKSALT-12-018 4742 r   X   
JKSALT-12-017 4977 r, s   X  X 
JKSALT-12-016 5224 r, s X X X   
JKSALT-12-015 5430 r   X   
JKSALT-12-014 5739 r   X   
JKSALT-12-013 6334 r X X X   
JKSALT-12-012 6692 r   X   
JKSALT-12-011 6951 r X X    
a r = sample taken from rock surface; s = sample taken from sediment surface 
b T = thenardite, M = mirabilite, G = gypsum, H = halite, C = calcite 
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Figure 4.13. Average values of pit width (blue circles) and depth (red circles) at each survey 
site on Mullins Glacier. Error bars represent one-half standard deviation. R2 for best-fit 
lines are 0.61 for width measurements (blue dashed line; y =1.1268x + 0.6198), and 0.42 for 
depth measurements (red dashed line; y = 0.5007x + 0.3220). No measurable pits were seen 
< 3 km from the headwall. 
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Figure 4.14. Change in average pit volume with distance from Mullins Glacier headwall. 
Error bars are one-half the standard deviation. Best-fit equation: y = 0.00174325 e 0.81333205 x 
(shown in red); R2 = 0.71. Volume calculated as: V = π/6 W2 D, where W = measured pit 
width and D = measured pit depth. 
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Figure 4.15. A pit at the surface of Ferrar Dolerite as seen in cross-section. Salt crystals are 
found in the base of the pit (enclosed in white). Main image is ~ 2 cm in length. 
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Figure 4.16. Micrograph of a perpendicular cut through a Ferrar Dolerite surface pit. Note 
the enhanced weathering surrounding the base of the pit; the alteration rind depth is locally 
deeper underneath weathering pits. Image is ~ 1 cm in length. 
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Figure 4.17. Thin section image of a surface pit. Top panel shows a pit cross section; the 
area in the white box is shown in the bottom panel. The variation in color, from right to left 
represents the decrease in alteration from the pit surface to internal portions of the rock. 
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4.2 Sediment analyses and clast position 
 The abundance of detached alteration rinds in the -1.0 φ size fraction of Mullins 
increases linearly with increasing transport distance from the headwall, from 0.4% (~1 
km from the headwall) to 5.4% ~ 4.5 km distant (Figure 4.18). In concert with this 
increase, we find that the percentage of perched dolerites decreases while the average 
depth of clasts embedded in matrix sediment of Mullins till increases (Figures 4.19 and 
4.20).  
 
4.3 Schmidt hammer values 
Whereas the overall frequency of pitting and flaking of dolerite clasts at the 
surface of Mullins till show predictable changes down glacier, Schmidt hammer 
measurements on these same dolerite clasts show no statistically significant trend in R-
values (and by association, compressive strength). This suggests that rock-fabric 
weakening, if present, does not proceed inward beyond the outer few mm of the surface 
(Figure 4.21).  
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Figure 4.18. Weight percentage of cohesive alteration rind flakes in Mullins till surface 
samples. Best-fit line (shown in red): y = 0.5611x + 0.7461; R2 = 0.52. 
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Figure 4.19. Percentage of dolerites partially buried by surrounding till sediment on 
Mullins Glacier. Best-fit line (shown in red): y = 8.8700x + 3.8678; R2 = 0.61. 
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Figure 4.20. Average depth of burial for dolerite clasts versus distance from the Mullins 
Glacier headwall. Burial depth defined as the depth from the till surface to the deepest 
imbedded portion of the rock clast. Error bars represent 1 standard deviation. Best-fit line 
(shown in red): y = 0.8031x +2.9988; R2 =  0.55. 
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Figure 4.21 Rebound values from Type-N Schmidt Hammer. Data show no significant trend 
with distance from the Mullins Valley headwall, suggesting that the internal rock fabric 
beyond the outer alteration rind is not significantly altered by weathering processes even 
during long exposure durations). Error bars represent 1 standard deviation. 
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5.0 Discussion 
5.1 Calculating rates of clast erosion 
 In order to determine the erosion rate (cm Myr-1) that arises from flaking and 
pitting on clasts of Ferrar Dolerite exposed on Mullins till, an independent assessment of 
clast exposure-age is required. For this, we rely on two methods. First, we modify an 
existing chronology for Mullins Glacier based on cosmogenic-nuclide inventories in 
surface clasts (Mackay and Marchant, 2016) and then we compare this cosmogenic-
nuclide chronology with ages derived from integrating interferometric synthetic aperture 
radar (InSAR) surface velocity data (Rignot et al., 2002).  
 Once we have an applicable chronology for the surface of Mullins Glacier (i.e., 
surface exposure time vs. distance from the headwall), we use our field measurements of 
the changes in clast surface morphology (i.e., mass loss vs. distance) due to flaking and 
pitting to approximate an erosion rate for dolerite surface clasts (i.e., mass loss per time). 
 
5.1.1 Modified cosmogenic-nuclide chronology 
Utilizing an existing cosmogenic-nuclide chronology for surface clasts on Mullins 
Glacier (Mackay and Marchant, 2016; Schäfer et al., 2000), we use an iterative process to 
tune reported exposure ages for estimates of surface erosion. This is required because the 
cosmogenic-nuclide inventories are themselves modified by the clast erosion rate. 
Assuming the measured cosmogenic nuclides are dominantly produced by spallation, we 
generate an erosion correction factor (fε) equal to 
𝑇𝑒𝑥𝑝,𝑐𝑜𝑟𝑟 = 𝑓𝜀  𝑇𝑒𝑥𝑝    (Eq. 4.1) 
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where Texp,corr is the cosmogenic exposure age corrected using an erosion rate of ε, and  
(Texp) is the exposure age assuming 0 erosion. 
  
Following Dunai (2010),  
𝑓𝜀 = 1 +  𝜀 𝑇𝑒𝑥𝑝𝜌 𝛬𝑠𝑝⁄2     (Eq. 4.2) 
where ρ is the density of the rock sample (2900 kg m-3), and Λsp is the apparent 
attenuation length of nucleons involved in the cosmogenic spallation reaction (155 g cm-
2). 
With the above as our starting point, we calculate ε as follows: 
1. Determine clast erosion rates using cosmogenic ages calculated assuming 0 
erosion.  
2. Update the exposure ages for the cosmogenic samples via Eqs. 4.1 and 4.2, using 
the erosion rates determined in step (1). 
3. Determine a new best-fit model for the updated cosmogenic exposure age 
chronology. 
4. Determine new clast erosion rates using the updated chronology.  
 
We then repeat steps 2-4 until the erosion rates change < 1% between successive 
iterations. The initial chronology for Mullins till was determined using 3He cosmogenic 
exposure ages from ten previously analyzed dolerite clast samples (e.g., Mackay and 
Marchant, 2016; Schäfer et al., 2000). We excluded samples highlighted by Mackay and 
Marchant (2016) that displayed strong evidence for nuclide inheritance or clast burial. 
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The locations of the samples previously analyzed for cosmogenic 3He and examined here 
are provided in Table 4.2. A power-law relationship was found to best represent the 
initial (0-erosion assumption) change in surface exposure age with distance as shown in 
Figure 4.22. 
 
5.1.2 Comparison of modified cosmogenic-nuclide chronology with ages derived from 
integrating interferometric synthetic aperture radar (InSAR) 
With the data in Fig. 4.22 representing our best-fit exposure age as a function of 
increasing transport down glacier, we now compare these values with ages derived from 
integrating the modern horizontal flow velocity. The InSAR dataset used for this purpose 
(Rignot et al., 2002) begins ~1 km from the first rocks on Mullins headwall, and extends 
to ~4 km. The InSAR-derived surface ages are estimated by applying a cubic spline 
interpolation to the InSAR velocity data points and determining the reciprocal 
(1/velocity, or time/distance) at 1-m increments. The InSAR age was then determined by 
calculating the cumulative integral of 1/velocity via the trapezoidal rule (Figure 4.23).  
 Because the InSAR dataset commences beyond the 0-age marker for dolerites on 
Mullins glacier, the InSAR age shows a value of 0 at ~1081 m distant from the actual 0-
age marker. To correct for this offset, we add the value of the cosmogenic exposure age 
at 1081 m (17.4 kyr, using an initial 0-erosion assumption for the cosmogenic samples) to 
the InSAR age to determine the final InSAR age versus distance dataset. Both 
chronological datasets are generally consistent and are plotted in Figure 4.24. We find 
that the InSAR dataset provides younger ages for surface clasts along the first 4 km of the 
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glacier; however, we rely on the cosmogenic nuclide chronology because it covers the 
entire spatial range of our field measurements (~ 8 km).  
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Table 4.2. Details of the 3He cosmogenic exposure age samples used for the Mullins Glacier 
chronology. 
 
Sample ID Zero-erosion age (kyr)a 
Distance from 
headwall (m) 
Evidence of 
flaking? 
Estimated 
Np,a (10-3cm-2) 
DXP-99-1 12.5 940 Yes 0 
DXP-99-5 135 2072 Yes 0 
DXP-99-7 172 2845 No 43.1 
DXP 99-22 225 3400 Yes 0 
DXP 99-23 189 3430 Yes 90.4 
DXP 99-24 207 3442 No 84.2 
DXP-99-30 636 3866 Yes 32.3 
DXP 06-08 1236 4738 Yes 8.61 
DXP 06-05 2945 4747 No 99.0 
DME-3b 1798 7760 No 99.0 
a From Mackay and Marchant (2016) 
b No photo available, flaking and pitting estimates based on field notes. 
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Figure 4.22. Initial 0-erosion power fit to the TCN sample data in Table 4.2. Best-fit 
equation (dashed line): Age (kyr) = 14.2556281136 x2.605494  , where x is in km; R2 = 0.86. 
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Figure 4.23. Age and velocity data for InSAR data from Rignot et al. (2002). Age data 
shown by black line. Velocity data shown in grey. Open circles represent InSAR 
measurements and the red line is 3 point average of the data. Age data were adjusted by 
adding the cosmogenic model age at x = 1081m ( = 17.4 kyr for the 0-erosion chronology), 
where the first InSAR measurement is made, to adjust for the different datum of the two 
datasets. InSAR data at > 4 km from the headwall showed ~0 velocity and was not used. 
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Figure 4.24. Both chronological datasets for Mullins Glacier. Age-adjusted InSAR data 
shown by blue line, and cosmogenic exposure ages shown by grey circles. Best-fit line from 
Figure 4.22 for the cosmogenic data is shown by the dashed grey line. 
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5.1.3 Erosion rates from detachment of alteration rinds and pitting 
 Following the iterative method outlined above, we determine the clast erosion 
rates for dolerites due to the detachment of surface flakes and surface pitting. The 
chronology is updated in each successive iteration by determining the new erosion rate 
for each cosmogenic exposure age sample as a function of its surface morphology; for 
example, evidence for flaking or pitting (Table 4.2). Images of the samples are provided 
in Appendix C. Final values of the overall erosion rate and age for each clast are listed in 
Table 4.3. 
 
 Alteration rind detachment. Using the average measured thickness of partially 
detached rinds on surface clasts on Mullins Glacier, and assuming the time required for 
the development and spalling of these alteration rinds is roughly equivalent to the time it 
takes for rinds to first appear uniformly on Mullins Glacier (e.g., ~ 1 km from the 
headwall, Figure 4.9), we estimate the erosion rate due to flaking (Rf) as  
𝑅𝑓 = 𝑧𝑎𝑣𝑔𝑇𝑒𝑥𝑝,1      (Eq. 4.3) 
where zavg is the average thickness of alteration rind flakes (= 1.8 mm), and Texp,1 is the 
exposure age at 1 km from the headwall. This results in an estimated erosion rate (Rf) 
from flaking of 12.8 cm Myr-1 (Table 4.3). 
  
Surface pitting. A rate of pit growth can be determined by coupling the exposure 
age of surface rocks with field measurements of pit size. We model pit shape as a hemi-
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ellipsoid with a volume, V, equal to π/6 W2 D; W is the measured width and D the 
measured depth.  
 An equivalent surface lowering rate, Rp, for a rock face with a total number of pits 
(Np,total) and a surface area, As, is then approximated by  
𝑅𝑝 = 𝑁𝑝,𝑡𝑜𝑡𝑎𝑙𝐴𝑠  𝑑𝑉𝑑𝑡      (Eq. 4.4) 
where dV/dt is the change in pit volume with exposure age determined from our best-fit 
line. Alternatively, a value for the number of pits per area of rock surface, Np,a, may be 
used so that 
𝑅𝑝 = 𝑁𝑝,𝑎 𝑑𝑉𝑑𝑡       (Eq. 4.5) 
The approximate values of Np,a for each of the cosmogenic samples used to determine the 
iterative chronology are given in Table 4.2. Results show that surface pits on clasts of 
Ferrar Dolerite on Mullins Glacier increase in volume at a rate of dV/dt = 0.244 cm3 Myr-
1 . This results in an erosion rate due to pitting ranging from 0 (for clasts with no pits) to 
2.42 cm Myr-1 (see Table 4.3). 
 
5.2 Comparison of erosion via flake detachment and surface pitting with estimates of 
aeolian abrasion 
 
 An estimate for the rate of aeolian abrasion of Ferrar dolerite on Mullins Glacier 
can be obtained by following the procedures outlined in Greeley et al. (1982), in which 
the abrasion rate (Ra), assuming a 90 degree impact angle, is calculated as  
𝑅𝑎 = 𝑆𝑎 𝑞 𝑓      (Eq. 4.6) 
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where Sa is the experimentally determined susceptibility of the target rock to abrasion, q 
is the particle flux at a specific height from the ground (g cm-2 s-1), and f is the wind event 
frequency. For exposed basalt (roughly equivalent to Ferrar Dolerite) impacted by quartz 
grains, gtarget/gimpactor is roughly equal to 2 x 10-4 (Greeley et al., 1982) 
 An estimate of the q × f term in Eq. 4.6 can be made from published estimates of 
surface lowering (Rsl) in the region, which range from 0.4 – 1.2 m Myr-1 (Morgan et al., 
2011). Given the above, the mass flux of sediment (Φs) in kg m-2 Myr-1 is then 
𝜙𝑠 = 𝜌𝐵 𝑅𝑠𝑙      (Eq. 4.7) 
where ρB is the sediment bulk density. The abrasion rate of dolerite surfaces in cm/Ma is 
then 
𝑅𝑎 = 𝑆𝑎 𝜙𝑠  1𝜌      (Eq. 4.8) 
where ρ is the density of the rock target. 
 The value of Sa for amorphous silica, which may comprise portions of the dolerite 
alteration rinds (Salvatore et al., 2013) is ~ 1 x 10-5 (see Kraft and Greeley, 2000). Figure 
4.25 shows Ra for the range of surface lowering rates in the MDV assuming both a fresh 
dolerite surface and a surface with amorphous silica. For our calculations, we use the Sa 
value = 0.0002, a Rsl value of 0.4 m Myr-1 estimated for Beacon Valley (Morgan et al., 
2011), ρB = 1840 kg m-3, and ρ = 2900 kg m-3. With these values, we calculate a rate of 
aeolian abrasion for exposed clasts of Ferrar dolerite of ~0.0051 cm Myr-1, a value which 
is ~5 orders of magnitude lower than our estimates of erosion due to the combined effects 
of flaking and pitting. 
 
  
173 
 
Figure 4.25. Aeolian abrasion rates calculated for basaltic and amorphous silica surfaces 
according to Greeley et al. (1982). We chose to use a surface lowering rate of 0.4 m Myr -1 
determined for a nearby Beacon Valley moraine (Morgan et al., 2011) to calculate a dolerite 
erosion rate of 0.0051 cm Myr -1 
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Table 4.3. Results from erosion correction for 3He cosmogenic samples on Mullins Glacier. 
Average total erosion rate for all dolerite samples analyzed = 8.81 cm Myr-1. 
 
Sample ID 0-erosion age (kyr) 
Corrected 
age (kyr) 
Distance from 
headwall (m) 
Erosion Rates (cm Myr-1) 
Flaking  Pittinga  Abrasion (10-3)  Total  
DXP-99-1 12.5 12.5 940 12.81 0 5.08 12.82 
DXP-99-5 135 139 2072 12.81 0 5.08 12.82 
DXP-99-7 172 173 2845 0 1.05 5.08 1.06 
DXP 99-22 225 237 3400 12.81 0 5.08 12.82 
DXP 99-23 189 199 3430 12.81 2.21 5.08 15.03 
DXP 99-24 207 209 3442 0 2.06 5.08 2.06 
DXP-99-30 636 739 3866 12.81 0.79 5.08 13.61 
DXP 06-08 1236 1608 4738 12.81 0.21 5.08 13.03 
DXP 06-05 2945 3338 4747 0 2.42 5.08 2.42 
DME-3 1798 1944 7760 0 2.42 5.08 2.42 
a Final dV/dt value for pitting = 0.244 cm3 Myr-1 
 
  
  
175 
5.3 Comparison to previously determined clast erosion rates 
 Table 4.4 provides published estimates for clast / bedrock erosion using 
cosmogenic-nuclide exposure methods (3He) at various locations in the MDV. A majority 
of the values were determined by calculating the maximum possible clast erosion rates 
assuming the samples had reached nuclide saturation. The values range from 3 cm to 36 
cm Myr-1. In comparison, the average dolerite clast erosion rate determined in our study 
is 8.8 cm Myr1, which sits firmly in the range of these previously estimated dolerite 
erosion rates. A major implication is that, for Mullins Glacier at least, the detachment of 
thin, mm-scale alteration rinds appears to be the dominant mechanism for clast erosion, 
accounting for as much 12.8 cm Myr-1; likewise, pitting accounts for as much as 2.42 cm 
Myr -1; aeolian abrasion is considerably lower, ~ 0.0051 cm Myr-1. Collectively, these 
values lead to total clast erosion rates of 1.1 cm to 15 cm Myr-1 for the samples examined 
in this study. 
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Table 4.4. Previous estimates of dolerite erosion rates in the MDV. 
 
Dolerite 
sample type Location 
Erosion rate 
(cm Myr-1) Approach Source 
Boulder Coombs Hills 3-6 Cosmogenic nuclides fixed to climate event (Margerison et al., 
2005) 
Bedrock Coombs Hills 17-24 Steady-state cosmogenic nuclides 
Boulder Mt. Fleming 6 
Steady-state 
cosmogenic nuclides 
(Schäfer et al., 
1999) 
 
Boulder Mt. Feather 10 
Bedrock Wright Valley 13-36 
Bedrock Insel Mountain 8-10 
Bedrock Taylor Valley 19-25 
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6. Conclusion 
 In this study we examined the weathering processes and erosion rates of dolerite 
clasts on Mullins Glacier. We find that erosion rates for sampled clasts range from ~1.1 
cm Myr-1 to ~15 cm Myr-1. Our measured processes and rates of erosion include (1) the 
detachment of thin, mm-scale alteration rinds (~12.8 cm Myr-1), (2) surface pitting (up to 
2.42 cm Myr-1) and aeolian abrasion (~ 0.0051 cm Myr-1). We also find that alteration 
rinds tend to accumulate in the matrix of Mullins till, partially burying surface clasts, and 
potentially providing a negative feedback for further flake detachment (flakes only form 
on exposed surfaces). Overall, the very low rates for modeled erosion corroborate earlier 
models for long-term landscape stability in the western MDV. 
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CHAPTER FIVE:  
Conclusions 
 
 A unifying theme of this dissertation concerns the rate and style of landscape 
evolution in the western McMurdo Dry Valleys (MDV) of Antarctica. 
 In Chapter 2, I used a combination of field measurements, laboratory analyses, 
and numerical modeling to show that thermal stress weathering is sufficient to induce the 
spalling of mm-scale alteration rinds on clasts of Ferrar Dolerite on Mullins Glacier (a 
long-lived debris-covered glacier occupying portions of Mullins and Beacon valleys in 
the Quartermain Mountains). I find that thermal stresses at the base of weakened rinds 
~2-mm thick reach 0.15 MPa during the austral summer. Using a linear elastic fracture 
mechanics approach, I conclude that present-day meteorological forcing is sufficient to 
induce crack propagation, and ultimate spalling, at the tip of pre-existing microcracks 
>1.1 cm. The increase in porosity of alteration rinds, versus unaltered rock interiors, 
makes them ideal locations for thermal-stress induced crack propagation. Additionally, 
the limited cryoturbation and longevity of clasts on the surface of Mullins till allows for 
slow-growing cracks to propagate over millions of years, so that even very slow crack 
growth may lead to eventual flake detachment 
In Chapter 3, I utilize an environmental chamber capable of recreating the 
extreme polar conditions of the MDV to investigate the sublimation rate of Mullins 
Glacier. By measuring the sublimation of ice buried beneath sediment thicknesses 
ranging from 0 to 69 mm, I determined an effective diffusivity for Fickian vapor 
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transport through Mullins till of 4.54 x 10-6 m2 s-1. I use this value, coupled with 
micrometeorological measurements on Mullins Glacier, to model the sublimation rate of 
buried glacial ice under 70 cm of till. Results show that the ice-lowering rate during the 
modelled year (2011-2012) was 0.0678 mm, a value which is accord with previous 
estimates for exceedingly slow rates of ice sublimation. These results provide further 
evidence supporting the probable antiquity of Mullins Glacier ice. 
In Chapter 4, I examine the style and rate of dolerite clast erosion on Mullins 
Glacier. Using a combination of field measurements and an iterative model for terrestrial 
cosmogenic nuclide (TCN) surface ages, I find that the erosion rate for sampled clasts on 
Mullins till range from ~1.1 cm Myr-1 to ~15 cm Myr-1  These rates of clast erosion are 
orders of magnitude lower than those reported for temperate and equatorial regions (Hall 
et al., 2008; Kuhlemann et al., 2008), and at least an order of magnitude lower than 
bedrock erosion rates in arid locales considered to exhibit “very low” erosion rates 
(Bierman and Turner, 1995; Dietsch et al., 2015; Small et al., 1997).  By far, most of the 
erosion of Ferrar Dolerite on Mullins Glacier can be attributed to spalling. In fact, 
episodic detachment of near-surface weathering rinds accounts for up to ~12.8 cm of 
clast erosion Myr-1. Secondary erosion comes from surface pitting (up to 2.42 cm Myr-1) 
and aeolian abrasion (~ 0.0051 cm Myr-1). I also find that the alteration rinds tend to 
accumulate in the matrix of Mullins till, partially burying surface clasts, and potentially 
providing a negative feedback for further flake detachment (flakes only form on exposed 
surfaces).  In general, the low clast-erosion rates modeled in this study call for long-term 
landscape preservation under hyper-arid, cold-desert conditions. 
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APPENDIX A:  
Supplementary Figures for Chapter Two 
 
 
 
 
Figure A.1. Full dataset for the partially-detached flake study, with data from the top and 
underside of the flake on JKC-1 in the top panel: blue = surface of flake, red = underside of 
flake. Also included is the meteorological data recorded using Onset HOBO dataloggers and 
sensors. Solar radiation was taken at the ground surface near the rock. Air temperature 
and relative humidity (RH) were taken ~10 cm from the ground surface. Wind speed was 
recorded from an anemometer on a tripod at 2-m height. 
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Figure A.2. Air temperature input to COMSOL model. Time t = 0 corresponds to 06:50:00 
on 11/28/2010. Data sampled every 15 seconds. 
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Figure A.3. Solar radiation input to COMSOL model. Time t = 0 corresponds to 06:50:00 
on 11/28/2010. Data sampled every 15 seconds. Large drop in solar irradiance at t = 8.16 
hours likely caused by passing cloud cover. 
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Figure A.4. Wind speed input to COMSOL model. Time t = 0 corresponds to 06:50:00 on 
11/28/2010. Data sampled every 15 seconds. Wind speed reported at an anemometer height 
of 2m. See Chapter 2 Supplementary Information for method of converting 2m wind speed 
to the wind speed at the model height. 
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Figure A.5. Backscattered electron (BSE) image of a thin section of a Ferrar Dolerite 
sample exhibiting an alteration rind. Total image dimensions are 4 mm long and 1 mm high. 
The top surface of the sample (weathering rind) is to the right. This sample is used to make 
electron dispersive spectroscopy (EDS) elemental maps in the following figures (Figs. A.6 - 
A.15). No significant qualitative differences in elemental abundance between the outer 
portion o the rock (the rind) and the inner portion were seen, and no evidence of externally-
derived coatings are present. 
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Figure A.6. EDS elemental map for silicon (Si) in the dolerite clast thin section from Figure 
A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
  
192 
 
 
Figure A.7. EDS elemental map for aluminum (Al) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.8. EDS elemental map for magnesium (Mg) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.9. EDS elemental map for potassium (K) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.10. EDS elemental map for calcium (Ca) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.11. EDS elemental map for sodium (Na) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.12. EDS elemental map for iron (Fe) in the dolerite clast thin section from Figure 
A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.13. EDS elemental map for titanium (Ti) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.14. EDS elemental map for sulfur (S) in the dolerite clast thin section from Figure 
A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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Figure A.15. EDS elemental map for chlorine (Cl) in the dolerite clast thin section from 
Figure A.5. Top of rock sample (rind) is to the right. Total analyzed area is 4 mm2. 
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APPENDIX B:  
Supplementary Figures and Tables for Chapter Three 
 
 
Table B.1. Onset micrometeorological sensor specifications. 
 
Sensor Measurement Accuracy Resolution Operating temp. (°C) Range 
S-WSB-M003 Wind speed (m/s) ± 4% 0.5 m/s - 40°-75° 0 – 76 m/s 
S-BPD-CM50 Barometric pressure (mbar) ± 5 mbar 0.1 mbar - 40°-70° 660-1070 mbar 
S-TMB-MXXX Temperature (°C) ± 0.2 °C 0.03 °C - 40°-75° - 40°-100°C 
S-THB-MXXX Temperature (°C) / RH (%) 
± 0.21 °C / 
± 2.5 % RH  
0.02 °C /  
0.1 % RH - 40°-75° 
- 40°-75°C /  
0-100 % RH 
S-LIB-MXXX Solar irradiance (W/m2) ± 5% 1.25 W/m
2 - 40°-75° 0-1280 W/m2 
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Figure B.1. XRD identification of salts in Mullins Composite (MC). Analysis shows the 
presence of nitratine (NaNO3, blue line), gypsum (CaSO4·2H2O, purple line), and halite 
(NaCl, red line). 
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Figure B.2. Mass loss curve for sublimation of uncovered ice. Average RH and air pressure 
during the measurement were 19.58% and 1025.51 mbar. 
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Figure B.3. Mass loss curve for sublimation of uncovered ice. Average RH and air pressure 
during the measurement were 19.58% and 1025.51 mbar. 
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Figure B.4. Mass loss curve for sublimation under 6 mm of MC sediment. Average RH and 
air pressure during the measurement were 18.32% and 1009.28 mbar. 
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Figure B.5. Mass loss curve for sublimation under 7 mm of MC sediment. Average RH and 
air pressure during the measurement were 11.10% and 1017.75 mbar. 
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Figure B.6. Mass loss curve for sublimation under 11.5 mm of MC sediment. Average RH 
and air pressure during the measurement were 11.10% and 1017.75 mbar. 
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Figure B.7. Mass loss curve for sublimation under 12.5 mm of MC sediment. Average RH 
and air pressure during the measurement were 18.32% and 1009.28 mbar. 
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Figure B.8. Mass loss curve for sublimation under 18 mm of MC sediment. Average RH and 
air pressure during the measurement were 15.69% and 1028.11 mbar. 
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Figure B.9. Mass loss curve for sublimation under 30.5 mm of MC sediment. Average RH 
and air pressure during the measurement were 15.69% and 1028.11 mbar. 
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Figure B.10. Mass loss curve for sublimation under 42 mm of MC sediment. Average RH 
and air pressure during the measurement were 15.77% and 1016.64 mbar. 
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Figure B.11. Mass loss curve for sublimation under 69 mm of MC sediment. Average RH 
and air pressure during the measurement were 15.77% and 1016.64 mbar. 
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APPENDIX C:  
Supplementary Figures for Chapter Four 
 
 
Figure C.1. Locations of rock shape surveys on Mullins Glacier. 
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Figure C.2. Angularity (rho) index of dolerite clasts on Mullins Glacier. Well-rounded = 5.5, 
rounded = 4.5, sub-rounded = 3.5, sub-angular = 2.5, angular = 1.5, very angular = 0.5. The 
angularity of clasts on the glacier increase quickly from ~angular near the headwall to 
~sub-rounded from ~1 km from the headwall onward. 
 
  
215 
 
Figure C.3. Dolerite clast shape changes along Mullins Glacier. The long (a), intermediate 
(b), and short (c) axes of ≥ 150 clasts at each centerline location were used to determine 
shape according to Sneed and Folk particle shape categories (Figure C.4). Circles represent 
the percentage of clasts falling into compact shape categories (compact, compact-platy, 
compact-bladed, compact-elongate), triangles represent clasts falling into extremely flat or 
tabular categories (very platy, very bladed, very elongate), and squares represent the 
percentage of clasts falling into intermediate shape categories (platy, bladed, elongate). 
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Figure C.4. Sneed and Folk shape class categories. The longest, intermediate, and shortest 
axes of each rock samples correspond to the measurements a, b, and c. 
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Figure C.5. Survey location 1 (Headwall) Sneed and Folk diagram for dolerite clast shape. 
All figures made using TriPlot by Graham and Midgley (2000) 
 
 
Figure C.6. Survey location 2 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.7. Survey location 3 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.8. Survey location 4 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.9. Survey location 5 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.10. Survey location 6 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.11. Survey location 7 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.12. Survey location 8 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.13. Survey location 9 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.14. Survey location 10 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.15. Survey location 11 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.16. Survey location 12 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.17. Survey location 13 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.18. Survey location 14 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.19. Survey location 15 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.20. Survey location 16 Sneed and Folk diagram for dolerite clast shape. 
c : a b : a
(a - b) / (a - c)
c : a b : a
(a - b) / (a - c)
  
225 
 
Figure C.21. Survey location 17 Sneed and Folk diagram for dolerite clast shape. 
 
 
Figure C.22. Survey location 18 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.23. Survey location 19 Sneed and Folk diagram for dolerite clast shape. 
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Figure C.24. XRD results for salt sample JKSALT-12-001. Thenardite (The, red) was the 
only salt species found in the sample; minor amounts of quartz (Qua, blue) was also 
detected. 
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Figure C.25. XRD results for salt sample JKSALT-12-002. Thenardite (The, purple) and 
possible halite (Hal, red) were found in the sample; quartz (Qua, pink) was also detected. 
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Figure C.26. XRD results for salt sample JKSALT-12-003. Thenardite (The, red) was the 
only salt species found in the sample; minor amounts of quartz (Qua, purple) was also 
detected. 
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Figure C.27. XRD results for salt sample JKSALT-12-004. Thenardite (The, red) and 
mirabilite (Mir, blue) were found in the sample. 
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Figure C.28. XRD results for salt sample JKSALT-12-005. Thenardite (The) and gypsum 
(Gyp) were found in the sample. 
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Figure C.29. XRD results for salt sample JKSALT-12-006. Thenardite (The, blue) and 
mirabilite (Mir, pink) were found in the sample. 
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Figure C.30. XRD results for salt sample JKSALT-12-007. Gypsum (Gyp, red) was the only 
salt species found in the sample. 
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Figure C.31. XRD results for salt sample JKSALT-12-008. Thenardite (The, blue) and 
mirabilite (Mir, pink) were found in the sample. 
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Figure C.32. XRD results for salt sample JKSALT-12-009. Thenardite (The, red) was the 
only salt species found in the sample; minor amounts of quartz (Qua, blue) was also 
detected. 
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Figure C.33. XRD results for salt sample JKSALT-12-010. Gypsum (Gyp, purple) was the 
only salt species found in the sample; minor amounts of quartz (Qua, red) was also detected. 
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Figure C.34. XRD results for salt sample JKSALT-12-011. Thenardite (The, red) and 
mirabilite (Mir, blue) were found in the sample. 
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Figure C.35. XRD results for salt sample JKSALT-12-012. Gypsum (Gyp) was the only salt 
species found in the sample. 
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Figure C.36. XRD results for salt sample JKSALT-12-013. Thenardite (The, pink), 
mirabilite (Mir, red), and gypsum (Gyp, blue) were found in the sample. 
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Figure C.37. XRD results for salt sample JKSALT-12-014. Gypsum (Gyp) was the only salt 
species found in the sample. 
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Figure C.38. XRD results for salt sample JKSALT-12-015. Gypsum (Gyp) was the only salt 
species found in the sample. 
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Figure C.39. XRD results for salt sample JKSALT-12-016. Thenardite (The, purple), 
mirabilite (Mir, pink), and gypsum (Gyp, red) were found in the sample. 
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Figure C.40. XRD results for salt sample JKSALT-12-017. Gypsum (Gyp, red) was the only 
salt species found in the sample; minor amounts of calcite (Cal, blue) may have also been 
present. 
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Figure C.41. XRD results for salt sample JKSALT-12-018. Gypsum (Gyp) was the only salt 
species found in the sample. 
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Figure C.42. XRD results for salt sample JKSALT-12-019. Gypsum (Gyp) was the only salt 
species found in the sampled. 
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Figure C.43. XRD results for the top of flake JKF-10-033. Identified minerals include 
anorthite (Ano, blue), augite (Aug, green), bytwonite (Byt, red), labradorite (Lab, purple), 
and pigeonite (Pig, pink). 
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Figure C.44. XRD results for the bottom of flake JKF-10-033. Identified minerals include 
anorthite (Ano, red), albite (Alb, purple), augite (Aug, gray), bytwonite (Byt, green), and 
quartz (Qua, beige). 
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Figure C.45. Sample DXP-99-1. 
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Figure C.46. Sample DXP-99-5. 
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Figure C.47. Sample DXP-99-7. 
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Figure C.48. Sample DXP-99-22. 
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Figure C.49. Sample DXP-99-23. 
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Figure C.50. Sample DXP-99-24. 
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Figure C.51. Sample DXP-99-30. 
 
  
255 
 
 
Figure C.52. Sample DXP-06-08. 
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Figure C.53. Sample DXP-06-05. 
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APPENDIX D: 
Tabulated Dolerite Clast Field Measurements 
 
Table D.1. Summary of centerline transect measurements. STD is standard deviation. 
 
Transect 
# 
Distance 
(km) 
Avg. Burial 
Depth (cm) 
STD 
Burial 
Avg. Clast 
Height (cm) 
STD 
Height 
# 
Dolerites 
# Buried 
Dolerites 
% Buried 
Dolerites 
4 0.841 3.178 1.512 13.810 6.914 306 33 10.78 
5 1.116 5.467 2.706 20.567 10.036 487 41 8.42 
6 1.294 -- -- 9.967 4.041 406 12 2.96 
8 1.440 2.429 1.910 10.633 6.985 413 44 10.65 
9 1.641 2.000 1.477 10.567 5.230 461 42 9.11 
10 1.774 5.625 3.378 13.133 6.564 312 60 19.23 
7 1.993 4.111 3.551 12.633 7.522 510 53 10.39 
13 2.219 6.381 3.324 12.933 6.400 289 86 29.76 
14 2.458 3.409 1.919 15.100 9.484 421 151 35.87 
15 2.792 5.043 2.163 13.433 7.592 370 130 35.14 
12 3.003 5.348 2.806 15.200 11.143 245 132 53.88 
11 3.259 7.250 3.582 15.167 8.603 459 154 33.55 
16 3.661 6.960 3.780 14.100 9.323 288 160 55.56 
17 4.074 7.724 6.279 12.333 8.256 206 148 71.84 
18 4.345 5.364 3.140 12.967 6.505 210 133 63.33 
22 4.770 8.476 6.447 11.667 5.762 470 163 34.68 
21 5.293 6.333 3.992 11.800 6.200 336 159 47.32 
20 6.737 7.050 5.073 13.167 6.390 364 124 34.07 
19 7.133 8.850 7.386 9.933 4.201 203 116 57.14 
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Table D.2. Centerline transect measurements. 
 
Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
4 1 0 26.6 
4 2 5 15.5 
4 3 0 17 
4 4 6 17.9 
4 5 0 14 
4 6 0 15 
4 7 1.8 5 
4 8 B 22.8 
4 9 0 13 
4 10 0 25.5 
4 11 0 11.1 
4 12 Stuck 1 
4 13 0 25.5 
4 14 Stuck 10.1 
4 15 0 10 
4 16 0 11.5 
4 17 Stuck 10.8 
4 18 0 8.5 
4 19 0 14.5 
4 20 3.8 6 
4 21 B 23.5 
4 22 0 12 
4 23 2 23.4 
4 24 3 1.5 
4 25 1.5 4 
4 26 0 14.2 
4 27 B 15.9 
4 28 0 15.5 
4 29 3 11.8 
4 30 2.5 11.2 
5 1 6 24 
5 2 8 9.5 
5 3 Stuck 14.5 
5 4 0 19 
5 5 0 22.5 
5 6 0 30.5 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
5 7 10 14.5 
5 8 0 28 
5 9 Stuck 23 
5 10 3 32 
5 11 7 22 
5 12 0 14.5 
5 13 0 10 
5 14 5.5 19 
5 15 0 36 
5 16 4 9 
5 17 0 24 
5 18 0 16 
5 19 0 24 
5 20 0 15 
5 21 3.5 11 
5 22 Stuck 15 
5 23 9.5 36 
5 24 B 48 
5 25 0 8 
5 26 1.5 14 
5 27 0 8 
5 28 0 37 
5 29 4.6 21 
5 30 3 12 
6 1 9 9 
6 2 0 3 
6 3 Stuck 9 
6 4 0 8 
6 5 0 10 
6 6 0 15 
6 7 0 10 
6 8 0 15 
6 9 0 14 
6 10 0 5 
6 11 0 10 
6 12 0 11 
6 13 0 10 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
6 14 0 8 
6 15 0 10 
6 16 Stuck 14 
6 17 0 11 
6 18 0 7 
6 19 0 0 
6 20 0 12 
6 21 0 8 
6 22 0 10 
6 23 0 6.5 
6 24 Stuck 8 
6 25 0 9 
6 26 0 7.5 
6 27 0 19 
6 28 0 8 
6 29 0 14 
6 30 0 18 
7 1 0 8 
7 2 0 24 
7 3 3 16 
7 4 2 9 
7 5 0 5 
7 6 4 8 
7 7 0 7 
7 8 0 16 
7 9 7 9 
7 10 0 9 
7 11 0 42 
7 12 0 20 
7 13 0 6 
7 14 0 17 
7 15 2 6 
7 16 0 8 
7 17 0 12 
7 18 1 3 
7 19 0 8 
7 20 0 10 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
7 21 0 7 
7 22 5 9 
7 23 0 16 
7 24 0 12 
7 25 0 17 
7 26 12 12 
7 27 0 19 
7 28 1 16 
7 29 0 17 
7 30 0 11 
8 1 0 7 
8 2 0 4 
8 3 0 21 
8 4 3 18 
8 5 0 13 
8 6 1 8 
8 7 0 12 
8 8 0 8 
8 9 2 7 
8 10 1 14 
8 11 2 10 
8 12 1 19 
8 13 4 19 
8 14 0 10 
8 15 0 6 
8 16 0 5 
8 17 3 12 
8 18 0 2 
8 19 0 4 
8 20 1 6 
8 21 1 12 
8 22 0 4 
8 23 8 5 
8 24 0 16 
8 25 0 15 
8 26 0 4 
8 27 0 8 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
8 28 1 4 
8 29 3 11 
8 30 3 35 
9 1 0 8 
9 2 0 10 
9 3 0 4 
9 4 0 10 
9 5 0 19 
9 6 0 13 
9 7 0 5 
9 8 0 6 
9 9 0 14 
9 10 1 24 
9 11 0 7 
9 12 1 6 
9 13 3 10 
9 14 0 7 
9 15 1 7 
9 16 0 10 
9 17 0 6 
9 18 2 10 
9 19 1 4 
9 20 6 19 
9 21 3 10 
9 22 0 19 
9 23 0 10 
9 24 1 11 
9 25 1 7 
9 26 0 9 
9 27 2 8 
9 28 2 10 
9 29 0 22 
9 30 0 12 
10 1 0 10 
10 2 0 21 
10 3 0 17 
10 4 0 11 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
10 5 10 6 
10 6 0 6 
10 7 0 8 
10 8 5 7 
10 9 0 15 
10 10 0 12 
10 11 2 8 
10 12 0 22 
10 13 1 19 
10 14 0 15 
10 15 4 9 
10 16 0 13 
10 17 0 35 
10 18 9 9 
10 19 0 25 
10 20 9 10 
10 21 0 8 
10 22 0 10 
10 23 0 11 
10 24 0 15 
10 25 0 13 
10 26 5 18 
10 27 0 4 
10 28 0 14 
10 29 0 8 
10 30 0 15 
11 1 10 8 
11 2 10 17 
11 3 0 19 
11 4 7 13 
11 5 11 7 
11 6 0 12 
11 7 B 35 
11 8 6 18 
11 9 17 10 
11 10 0 26 
11 11 10 40 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
11 12 7 11 
11 13 10 23 
11 14 7 14 
11 15 6 5 
11 16 10 12 
11 17 0 6 
11 18 0 19 
11 19 0 21 
11 20 7 17 
11 21 0 4 
11 22 5 11 
11 23 4 12 
11 24 1 8 
11 25 0 25 
11 26 5 13 
11 27 4 4 
11 28 0 19 
11 29 5 18 
11 30 3 8 
12 1 5 1 
12 2 4 19 
12 3 0 9 
12 4 3 31 
12 5 2 8 
12 6 6 9 
12 7 4 22 
12 8 0 5 
12 9 0 20 
12 10 12 9 
12 11 0 22 
12 12 0 8 
12 13 1 40 
12 14 6 9 
12 15 11 8 
12 16 7 18 
12 17 4 8 
12 18 6 10 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
12 19 7 10 
12 20 3 22 
12 21 3 23 
12 22 4 19 
12 23 9 43 
12 24 3 2 
12 25 4 10 
12 26 0 2 
12 27 6 6 
12 28 4 20 
12 29 0 36 
12 30 9 7 
13 1 14 12 
13 2 2 6 
13 3 5 7 
13 4 11 15 
13 5 9 23 
13 6 0 8 
13 7 8 8 
13 8 7 9 
13 9 4 20 
13 10 0 13 
13 11 10 15 
13 12 8 7 
13 13 0 17 
13 14 0 10 
13 15 5 26 
13 16 4 6 
13 17 1 10 
13 18 6 11 
13 19 B 25 
13 20 5 11 
13 21 0 4 
13 22 4 9 
13 23 6 11 
13 24 0 5 
13 25 0 14 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
13 26 4 27 
13 27 0 19 
13 28 4 18 
13 29 5 13 
13 30 12 9 
14 1 1 8 
14 2 0 22 
14 3 3 11 
14 4 3 9 
14 5 2 9 
14 6 4 12 
14 7 0 29 
14 8 1 37 
14 9 6 3 
14 10 5 21 
14 11 3 12 
14 12 0 22 
14 13 0 19 
14 14 0 20 
14 15 0 10 
14 16 2 3 
14 17 3 6 
14 18 1 15 
14 19 3 9 
14 20 0 16 
14 21 9 13 
14 22 3 27 
14 23 1 15 
14 24 B 44 
14 25 5 14 
14 26 4 10 
14 27 5 8 
14 28 3 9 
14 29 5 13 
14 30 3 7 
15 1 3 19 
15 2 0 9 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
15 3 2 23 
15 4 0 12 
15 5 8 14 
15 6 6 14 
15 7 0 20 
15 8 0 6 
15 9 6 4 
15 10 7 23 
15 11 5 16 
15 12 0 25 
15 13 9 3 
15 14 3 26 
15 15 3 25 
15 16 6 15 
15 17 4 12 
15 18 4 3 
15 19 0 11 
15 20 5 7 
15 21 4 25 
15 22 0 8 
15 23 5 9 
15 24 5 13 
15 25 7 5 
15 26 10 18 
15 27 3 5 
15 28 3 22 
15 29 6 5 
15 30 2 6 
16 1 10 9 
16 2 0 11 
16 3 15 19 
16 4 0 21 
16 5 0 5 
16 6 9 36 
16 7 11 11 
16 8 10 10 
16 9 8 10 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
16 10 2 12 
16 11 10 4 
16 12 6 14 
16 13 3 6 
16 14 9 6 
16 15 4 12 
16 16 1 14 
16 17 4 41 
16 18 4 9 
16 19 0 10 
16 20 6 9 
16 21 4 22 
16 22 14 10 
16 23 9 15 
16 24 5 8 
16 25 5 12 
16 26 2 15 
16 27 8 22 
16 28 4 9 
16 29 11 36 
16 30 0 5 
17 1 6 18 
17 2 8 5 
17 3 2 9 
17 4 2 15 
17 5 7 10 
17 6 5 6 
17 7 2 4 
17 8 6 21 
17 9 5 5 
17 10 16 11 
17 11 6 14 
17 12 28 22 
17 13 16 26 
17 14 3 20 
17 15 13 15 
17 16 17 6 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
17 17 8 5 
17 18 5 4 
17 19 9 9 
17 20 1 11 
17 21 1 13 
17 22 3 5 
17 23 4 4 
17 24 8 7 
17 25 3 9 
17 26 8 38 
17 27 18 26 
17 28 11 17 
17 29 0 4 
17 30 3 11 
18 1 5 8 
18 2 2 6 
18 3 7 21 
18 4 6 17 
18 5 10 3 
18 6 0 12 
18 7 8 17 
18 8 0 12 
18 9 8 17 
18 10 1 12 
18 11 7 10 
18 12 3 17 
18 13 4 10 
18 14 0 8 
18 15 1 12 
18 16 0 7 
18 17 1 7 
18 18 1 5 
18 19 10 9 
18 20 8 19 
18 21 0 32 
18 22 3 15 
18 23 7 8 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
18 24 0 10 
18 25 11 28 
18 26 0 14 
18 27 0 10 
18 28 6 15 
18 29 5 9 
18 30 4 19 
19 1 16 12 
19 2 24 9 
19 3 14 9 
19 4 14 8 
19 5 1 10 
19 6 1 7 
19 7 0 8 
19 8 5 8 
19 9 0 10 
19 10 0 11 
19 11 0 12 
19 12 26 5 
19 13 4 10 
19 14 0 9 
19 15 0 7 
19 16 12 3 
19 17 3 18 
19 18 0 14 
19 19 12 10 
19 20 3 5 
19 21 14 5 
19 22 2 7 
19 23 0 8 
19 24 4 7 
19 25 4 10 
19 26 3 8 
19 27 0 20 
19 28 7 16 
19 29 0 12 
19 30 8 20 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
20 1 0 6 
20 2 0 5 
20 3 10 13 
20 4 1 12 
20 5 15 9 
20 6 0 11 
20 7 1 14 
20 8 5 32 
20 9 12 8 
20 10 0 12 
20 11 10 20 
20 12 10 18 
20 13 3 17 
20 14 0 11 
20 15 7 15 
20 16 0 10 
20 17 0 17 
20 18 15 20 
20 19 2 5 
20 20 10 10 
20 21 8 21 
20 22 2 14 
20 23 0 8 
20 24 16 25 
20 25 2 6 
20 26 0 4 
20 27 0 10 
20 28 2 13 
20 29 2 10 
20 30 8 19 
21 1 0 9 
21 2 8 22 
21 3 1 14 
21 4 0 13 
21 5 2 10 
21 6 7 17 
21 7 4 17 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
21 8 7 20 
21 9 8 18 
21 10 12 21 
21 11 4 8 
21 12 8 5 
21 13 3 9 
21 14 0 14 
21 15 6 8 
21 16 2 1 
21 17 10 5 
21 18 6 10 
21 19 0 7 
21 20 6 12 
21 21 0 4 
21 22 0 6 
21 23 0 15 
21 24 0 6 
21 25 18 5 
21 26 2 7 
21 27 4 25 
21 28 5 14 
21 29 10 11 
21 30 0 21 
22 1 0 12 
22 2 22 25 
22 3 1 9 
22 4 0 17 
22 5 10 5 
22 6 6 6 
22 7 4 8 
22 8 9 11 
22 9 0 10 
22 10 0 12 
22 11 7 10 
22 12 9 17 
22 13 0 12 
22 14 0 6 
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Transect # Clast # Clast Burial Depth (cm) 
Clast Height Above 
Surface (cm) 
22 15 12 18 
22 16 6 15 
22 17 8 23 
22 18 0 4 
22 19 5 8 
22 20 0 5 
22 21 19 15 
22 22 23 6 
22 23 0 9 
22 24 2 12 
22 25 1 6 
22 26 7 11 
22 27 5 26 
22 28 15 12 
22 29 2 11 
22 30 5 9 
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Table D.3. Summary of Schmidt hammer rebound (R) measurements. 
 
Site # Distance (m) Average R STD 
1 564 56.25 4.28 
2 1175 57.56 3.67 
3 1798 57.65 3.40 
4 2319 56.37 3.46 
5 5567 57.77 4.26 
6 4903 59.05 3.55 
7 4203 60.19 3.48 
8 3507 59.53 2.72 
9 2935 58.73 3.58 
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Table D.4. Schmidt hammer rebound (R) values. Average R values are calculated as the 
average of the 3 remaining R values after the maximum and minimum have been discarded. 
 
Site # Rock # R1 R2 R3 R4 R5 Average R 
1 1 63 66 60 62 63 62.67 
1 2 50 59 48 56 60 55.00 
1 3 48 56 54 58 60 56.00 
1 4 48 50 52 56 59 52.67 
1 5 60 58 55 62 58 58.67 
1 6 50 56 54 48 58 53.33 
1 7 50 62 60 60 64 60.67 
1 8 54 50 52 51 60 52.33 
1 9 57 56 58 55 62 57.00 
1 10 55 54 46 52 46 50.67 
1 11 51 52 48 55 48 50.33 
1 12 57 40 48 44 50 47.33 
1 13 61 49 56 52 58 55.33 
1 14 55 48 58 61 46 53.67 
1 15 47 63 57 60 55 57.33 
1 16 55 51 43 58 56 54.00 
1 17 44 48 45 44 50 45.67 
1 18 51 58 54 55 62 55.67 
1 19 49 52 47 51 55 50.67 
1 20 56 52 62 62 63 60.00 
1 21 56 53 49 52 53 52.67 
1 22 50 52 52 51 49 51.00 
1 23 59 66 57 63 60 60.67 
1 24 55 63 60 54 50 56.33 
1 25 60 60 58 64 64 61.33 
1 26 52 54 55 54 57 54.33 
1 27 57 63 57 56 54 56.67 
1 28 58 52 54 55 55 54.67 
1 29 53 54 62 58 61 57.67 
1 30 52 55 54 66 57 55.33 
1 31 54 56 52 46 50 52.00 
1 32 66 64 64 56 70 64.67 
1 33 46 57 48 50 56 51.33 
1 34 64 62 63 64 63 63.33 
1 35 53 62 43 54 55 54.00 
1 36 50 55 50 49 61 51.67 
1 37 53 60 58 61 58 58.67 
1 38 66 64 58 64 61 63.00 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
1 39 64 67 58 57 65 62.33 
1 40 60 66 62 62 62 62.00 
1 41 54 52 59 56 48 54.00 
1 42 59 50 56 63 61 58.67 
1 43 62 60 63 54 57 59.67 
1 44 58 57 54 58 48 56.33 
1 45 60 60 62 59 48 59.67 
1 46 59 59 60 58 60 59.33 
1 47 60 56 66 44 60 58.67 
1 48 57 59 62 60 60 59.67 
1 49 63 59 60 57 52 58.67 
1 50 55 58 48 55 56 55.33 
2 1 64 62 60 62 60 61.33 
2 2 66 60 46 62 58 60.00 
2 3 60 58 64 60 54 59.33 
2 4 48 54 52 46 54 51.33 
2 5 62 62 54 58 50 58.00 
2 6 56 58 54 48 58 56.00 
2 7 52 58 54 64 58 56.67 
2 8 58 52 58 54 58 56.67 
2 9 59 60 51 58 60 59.00 
2 10 64 63 60 64 62 63.00 
2 11 54 58 54 58 57 56.33 
2 12 48 60 62 54 55 56.33 
2 13 58 56 55 56 57 56.33 
2 14 62 53 54 64 58 58.00 
2 15 54 58 58 64 54 56.67 
2 16 61 64 60 55 56 59.00 
2 17 60 63 58 51 61 59.67 
2 18 49 48 58 55 56 53.33 
2 19 56 56 59 41 45 52.33 
2 20 62 61 54 66 50 59.00 
2 21 51 46 55 51 64 52.33 
2 22 55 58 54 54 60 55.67 
2 23 68 64 64 66 66 65.33 
2 24 58 53 56 62 54 56.00 
2 25 54 54 56 59 60 56.33 
2 26 62 55 53 56 58 56.33 
2 27 53 62 60 58 62 60.00 
2 28 63 62 64 64 64 63.67 
2 29 55 60 56 64 64 60.00 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
2 30 64 68 62 62 62 62.67 
2 31 61 48 48 54 48 50.00 
2 32 58 62 58 68 60 60.00 
2 33 58 56 60 59 56 57.67 
2 34 52 54 59 60 62 57.67 
2 35 56 60 58 53 49 55.67 
2 36 49 50 48 48 44 48.33 
2 37 58 62 62 60 59 60.33 
2 38 50 54 53 52 50 51.67 
2 39 66 62 66 64 59 64.00 
2 40 59 60 54 54 55 56.00 
2 41 53 58 59 50 62 56.67 
2 42 65 60 64 56 60 61.33 
2 43 60 60 54 64 56 58.67 
2 44 52 58 56 60 58 57.33 
2 45 61 55 58 60 48 57.67 
2 46 54 66 51 56 64 58.00 
2 47 53 50 54 49 58 52.33 
2 48 58 58 54 52 52 54.67 
2 49 56 56 60 64 66 60.00 
2 50 66 54 64 70 60 63.33 
3 1 62 64 66 53 52 59.67 
3 2 55 47 58 52 52 53.00 
3 3 60 63 62 64 61 62.00 
3 4 60 54 45 60 55 56.33 
3 5 51 48 48 45 57 49.00 
3 6 57 61 49 58 59 58.00 
3 7 64 60 62 52 59 60.33 
3 8 57 55 53 56 49 54.67 
3 9 46 48 52 47 48 47.67 
3 10 52 48 55 55 54 53.67 
3 11 61 61 53 45 61 58.33 
3 12 52 57 63 51 62 57.00 
3 13 60 58 50 53 56 55.67 
3 14 55 51 56 60 63 57.00 
3 15 60 68 60 59 62 60.67 
3 16 56 60 62 58 62 60.00 
3 17 63 64 54 58 60 60.33 
3 18 55 64 60 56 67 60.00 
3 19 54 52 49 62 61 55.67 
3 20 55 53 56 52 52 53.33 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
3 21 58 58 60 60 56 58.67 
3 22 56 58 53 62 53 55.67 
3 23 64 58 63 55 55 58.67 
3 24 61 62 59 61 59 60.33 
3 25 56 52 49 53 54 53.00 
3 26 56 53 43 58 59 55.67 
3 27 63 60 67 54 54 59.00 
3 28 61 62 61 64 60 61.33 
3 29 55 52 60 62 57 57.33 
3 30 51 49 64 53 55 53.00 
3 31 57 58 61 59 63 59.33 
3 32 52 56 60 54 60 56.67 
3 33 58 52 51 58 50 53.67 
3 34 58 56 52 56 60 56.67 
3 35 64 59 60 59 60 59.67 
3 36 62 58 59 66 52 59.67 
3 37 52 63 52 57 63 57.33 
3 38 57 59 53 64 58 58.00 
3 39 60 63 58 64 60 61.00 
3 40 64 60 59 60 57 59.67 
3 41 52 51 59 59 49 54.00 
3 42 50 59 60 60 59 59.33 
3 43 50 61 62 51 51 54.33 
3 44 64 58 60 53 58 58.67 
3 45 62 65 60 59 60 60.67 
3 46 63 56 57 56 64 58.67 
3 47 53 65 66 62 67 64.33 
3 48 63 62 62 60 62 62.00 
3 49 56 65 61 56 65 60.67 
3 50 64 56 65 70 60 63.00 
4 1 49 59 58 60 50 55.67 
4 2 61 56 58 50 56 56.67 
4 3 54 64 52 58 52 54.67 
4 4 62 61 58 60 62 61.00 
4 5 60 56 50 62 50 55.33 
4 6 56 56 48 61 60 57.33 
4 7 48 48 42 50 44 46.67 
4 8 62 61 60 50 56 59.00 
4 9 51 58 62 60 59 59.00 
4 10 57 53 52 56 59 55.33 
4 11 62 51 60 59 52 57.00 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
4 12 54 60 54 54 62 56.00 
4 13 64 58 66 62 58 61.33 
4 14 58 64 56 64 56 59.33 
4 15 68 61 56 64 64 63.00 
4 16 48 58 52 48 60 52.67 
4 17 54 63 60 62 58 60.00 
4 18 54 58 52 50 52 52.67 
4 19 52 64 60 60 54 58.00 
4 20 58 52 48 67 48 52.67 
4 21 62 68 46 50 56 56.00 
4 22 61 60 50 54 62 58.33 
4 23 58 52 64 62 50 57.33 
4 24 55 58 50 58 48 54.33 
4 25 57 61 50 48 59 55.33 
4 26 63 61 58 63 61 61.67 
4 27 50 50 48 52 52 50.67 
4 28 58 59 59 63 62 60.00 
4 29 52 56 61 52 59 55.67 
4 30 58 62 61 59 56 59.33 
4 31 54 57 52 53 51 53.00 
4 32 55 55 63 50 53 54.33 
4 33 50 60 62 43 57 55.67 
4 34 50 58 58 56 60 57.33 
4 35 56 59 66 60 56 58.33 
4 36 69 66 63 54 64 64.33 
4 37 59 52 54 64 56 56.33 
4 38 49 52 48 53 56 51.33 
4 39 59 50 63 57 54 56.67 
4 40 60 56 50 56 50 54.00 
4 41 58 60 58 59 47 58.33 
4 42 43 58 50 54 48 50.67 
4 43 52 54 62 52 51 52.67 
4 44 56 57 60 54 60 57.67 
4 45 57 65 51 63 61 60.33 
4 46 61 40 55 64 56 57.33 
4 47 60 50 54 61 63 58.33 
4 48 56 45 54 64 53 54.33 
4 49 54 48 51 61 56 53.67 
4 50 54 49 48 54 52 51.67 
5 1 51 56 51 57 56 54.33 
5 2 62 66 57 56 58 59.00 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
5 3 55 52 54 50 52 52.67 
5 4 63 62 56 62 60 61.33 
5 5 60 52 49 50 52 51.33 
5 6 48 49 45 45 53 47.33 
5 7 51 52 48 54 53 52.00 
5 8 59 58 55 62 63 59.67 
5 9 50 58 60 50 56 54.67 
5 10 63 56 58 60 62 60.00 
5 11 65 60 66 62 64 63.67 
5 12 64 56 64 52 63 61.00 
5 13 60 52 54 54 56 54.67 
5 14 55 50 48 50 58 51.67 
5 15 52 60 53 54 62 55.67 
5 16 64 66 61 63 68 64.33 
5 17 53 59 58 64 57 58.00 
5 18 55 48 46 56 50 51.00 
5 19 48 48 56 52 58 52.00 
5 20 64 63 58 51 64 61.67 
5 21 62 66 59 56 59 60.00 
5 22 56 51 54 59 49 53.67 
5 23 54 60 53 57 59 56.67 
5 24 62 62 63 56 60 61.33 
5 25 62 56 62 56 63 60.00 
5 26 66 59 68 69 63 65.67 
5 27 55 56 57 57 60 56.67 
5 28 58 53 56 52 58 55.67 
5 29 54 60 51 52 53 53.00 
5 30 52 53 52 59 54 53.00 
5 31 63 56 70 63 61 62.33 
5 32 54 51 48 51 60 52.00 
5 33 60 56 58 50 54 56.00 
5 34 67 63 62 54 67 64.00 
5 35 63 62 54 59 66 61.33 
5 36 56 59 54 56 60 57.00 
5 37 54 52 55 68 60 56.33 
5 38 54 61 63 64 66 62.67 
5 39 58 56 57 65 60 58.33 
5 40 65 68 68 63 62 65.33 
5 41 58 57 54 60 57 57.33 
5 42 61 56 62 64 66 62.33 
5 43 58 62 53 56 59 57.67 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
5 44 60 59 52 56 56 57.00 
5 45 60 66 62 55 52 59.00 
5 46 63 59 70 62 61 62.00 
5 47 60 61 66 56 60 60.33 
5 48 60 61 52 60 58 59.33 
5 49 53 55 64 59 57 57.00 
5 50 62 64 54 63 52 59.67 
6 1 60 55 59 46 49 54.33 
6 2 63 60 65 62 69 63.33 
6 3 65 50 62 63 60 61.67 
6 4 49 68 68 64 57 63.00 
6 5 52 50 52 52 54 52.00 
6 6 66 59 54 59 58 58.67 
6 7 66 68 61 62 62 63.33 
6 8 59 51 54 50 60 54.67 
6 9 61 60 66 60 60 60.33 
6 10 59 60 65 57 55 58.67 
6 11 58 59 52 49 53 54.33 
6 12 61 59 60 59 55 59.33 
6 13 61 59 53 55 60 58.00 
6 14 56 61 61 62 66 61.33 
6 15 64 60 54 60 54 58.00 
6 16 65 65 67 68 71 66.67 
6 17 63 62 58 58 59 59.67 
6 18 60 59 50 50 51 53.33 
6 19 62 52 59 59 61 59.67 
6 20 51 49 47 64 57 52.33 
6 21 61 56 60 64 61 60.67 
6 22 61 61 62 59 60 60.67 
6 23 54 60 58 60 57 58.33 
6 24 57 54 57 59 61 57.67 
6 25 63 63 59 64 57 61.67 
6 26 59 50 56 61 57 57.33 
6 27 54 60 59 52 59 57.33 
6 28 66 66 64 68 66 66.00 
6 29 70 62 65 62 56 63.00 
6 30 56 58 54 53 50 54.33 
6 31 58 54 56 54 58 56.00 
6 32 57 61 59 56 56 57.33 
6 33 60 52 59 61 60 59.67 
6 34 58 58 58 52 62 58.00 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
6 35 56 50 55 56 56 55.67 
6 36 64 64 61 66 59 63.00 
6 37 61 62 57 57 62 60.00 
6 38 61 60 52 60 58 59.33 
6 39 60 52 60 62 56 58.67 
6 40 62 60 66 65 63 63.33 
6 41 52 55 53 53 59 53.67 
6 42 64 52 62 60 60 60.67 
6 43 60 60 59 62 65 60.67 
6 44 59 54 55 53 51 54.00 
6 45 59 61 56 52 55 56.67 
6 46 55 57 49 59 60 57.00 
6 47 59 60 59 60 51 59.33 
6 48 58 67 62 67 68 65.33 
6 49 48 64 64 64 62 63.33 
6 50 69 62 52 65 57 61.33 
7 1 57 65 53 60 58 58.33 
7 2 65 64 56 50 66 61.67 
7 3 56 58 64 56 55 56.67 
7 4 51 52 62 50 56 53.00 
7 5 55 59 50 58 60 57.33 
7 6 63 59 62 60 61 61.00 
7 7 61 55 56 56 58 56.67 
7 8 64 66 65 56 62 63.67 
7 9 62 53 62 64 60 61.33 
7 10 66 54 52 50 54 53.33 
7 11 61 61 58 64 62 61.33 
7 12 65 65 64 65 61 64.67 
7 13 52 58 64 56 62 58.67 
7 14 70 66 69 58 70 68.33 
7 15 66 61 62 64 58 62.33 
7 16 63 58 65 59 64 62.00 
7 17 65 68 66 70 64 66.33 
7 18 74 66 62 73 64 67.67 
7 19 56 64 56 52 62 58.00 
7 20 58 56 60 58 64 58.67 
7 21 64 65 57 63 64 63.67 
7 22 58 53 50 56 58 55.67 
7 23 54 54 50 60 64 56.00 
7 24 65 62 61 61 61 61.33 
7 25 56 61 60 62 61 60.67 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
7 26 64 65 64 58 58 62.00 
7 27 60 57 54 62 60 59.00 
7 28 50 56 61 62 59 58.67 
7 29 62 58 63 67 60 61.67 
7 30 54 60 54 56 54 54.67 
7 31 65 63 61 59 51 61.00 
7 32 62 61 61 50 59 60.33 
7 33 62 58 50 58 60 58.67 
7 34 62 60 64 66 59 62.00 
7 35 59 58 58 57 56 57.67 
7 36 58 68 65 54 60 61.00 
7 37 52 50 59 61 63 57.33 
7 38 53 51 58 60 62 57.00 
7 39 61 60 53 63 64 61.33 
7 40 64 63 55 55 52 57.67 
7 41 58 60 65 61 58 59.67 
7 42 62 59 60 66 57 60.33 
7 43 70 65 66 67 60 66.00 
7 44 58 52 66 52 60 56.67 
7 45 62 61 60 67 54 61.00 
7 46 58 64 58 65 56 60.00 
7 47 63 65 61 65 62 63.33 
7 48 69 68 68 66 66 67.33 
7 49 62 57 60 58 50 58.33 
7 50 62 60 56 60 56 58.67 
8 1 58 54 58 61 54 56.67 
8 2 61 52 55 67 60 58.67 
8 3 54 55 55 57 53 54.67 
8 4 60 67 69 68 65 66.67 
8 5 64 60 61 66 56 61.67 
8 6 58 62 57 61 63 60.33 
8 7 58 56 49 69 65 59.67 
8 8 60 60 64 65 61 61.67 
8 9 63 57 58 61 63 60.67 
8 10 59 51 64 56 54 56.33 
8 11 56 56 57 50 60 56.33 
8 12 59 55 61 65 58 59.33 
8 13 58 56 52 51 57 55.00 
8 14 64 61 56 63 53 60.00 
8 15 64 50 60 61 65 61.67 
8 16 64 60 60 63 62 61.67 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
8 17 65 64 65 58 60 63.00 
8 18 57 62 50 59 58 58.00 
8 19 58 68 62 63 52 61.00 
8 20 59 55 65 59 61 59.67 
8 21 54 68 62 50 63 59.67 
8 22 56 63 59 63 63 61.67 
8 23 51 58 62 56 60 58.00 
8 24 62 50 52 61 60 57.67 
8 25 60 62 56 62 61 61.00 
8 26 56 62 64 60 59 60.33 
8 27 60 66 62 66 60 62.67 
8 28 62 66 60 59 61 61.00 
8 29 59 63 62 55 58 59.67 
8 30 62 60 62 59 63 61.33 
8 31 64 60 66 56 60 61.33 
8 32 56 62 58 52 52 55.33 
8 33 54 50 58 55 51 53.33 
8 34 57 64 63 59 53 59.67 
8 35 53 60 58 59 61 59.00 
8 36 60 58 53 60 53 57.00 
8 37 59 57 59 64 61 59.67 
8 38 67 63 61 58 61 61.67 
8 39 61 63 51 61 55 59.00 
8 40 59 63 66 69 55 62.67 
8 41 65 57 65 67 65 65.00 
8 42 62 60 64 55 60 60.67 
8 43 55 54 65 64 51 57.67 
8 44 51 62 62 55 55 57.33 
8 45 61 52 58 52 65 57.00 
8 46 51 57 55 49 53 53.00 
8 47 65 61 59 59 57 59.67 
8 48 58 61 55 67 63 60.67 
8 49 61 60 61 63 56 60.67 
8 50 53 67 56 60 66 60.67 
9 1 62 56 52 56 50 54.67 
9 2 52 62 63 54 62 59.33 
9 3 61 57 59 55 64 59.00 
9 4 60 54 54 52 62 56.00 
9 5 62 68 64 66 64 64.67 
9 6 60 64 48 57 52 56.33 
9 7 62 62 59 49 56 59.00 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
9 8 61 64 54 60 61 60.67 
9 9 62 60 58 58 62 60.00 
9 10 54 55 54 55 58 54.67 
9 11 66 62 56 58 61 60.33 
9 12 58 68 63 55 65 62.00 
9 13 60 58 54 55 55 56.00 
9 14 70 65 66 62 68 66.33 
9 15 55 56 54 62 62 57.67 
9 16 62 63 61 67 65 63.33 
9 17 54 56 60 57 52 55.67 
9 18 55 63 54 55 45 54.67 
9 19 60 52 61 52 58 56.67 
9 20 59 54 63 62 66 61.33 
9 21 63 58 64 63 57 61.33 
9 22 62 52 58 63 56 58.67 
9 23 56 52 56 52 57 54.67 
9 24 67 56 62 58 62 60.67 
9 25 63 64 59 60 53 60.67 
9 26 56 60 56 48 62 57.33 
9 27 68 66 64 60 62 64.00 
9 28 58 56 57 60 54 57.00 
9 29 64 60 61 59 60 60.33 
9 30 57 56 60 56 58 57.00 
9 31 54 52 50 45 42 49.00 
9 32 62 66 64 65 66 65.00 
9 33 55 60 64 58 62 60.00 
9 34 57 56 56 63 60 57.67 
9 35 53 58 56 60 55 56.33 
9 36 50 60 56 55 60 57.00 
9 37 62 60 64 69 70 65.00 
9 38 60 66 63 63 66 64.00 
9 39 62 60 59 60 56 59.67 
9 40 50 64 55 63 64 60.67 
9 41 62 62 61 62 60 61.67 
9 42 54 52 56 52 65 54.00 
9 43 58 60 60 60 52 59.33 
9 44 62 52 54 50 53 53.00 
9 45 57 57 64 57 53 57.00 
9 46 59 54 66 60 66 61.67 
9 47 59 61 64 59 54 59.67 
9 48 52 58 51 54 61 54.67 
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Site # Rock # R1 R2 R3 R4 R5 Average R 
9 49 51 57 56 55 50 54.00 
9 50 61 59 52 55 58 57.33 
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Table D.5. Percentage of flaking dolerite measurements. 
 
Site # Distance (m) # Clasts with flakes 
# Clasts 
without flakes 
% Clasts 
with flakes 
11 0 45 356 11.22 
1 605 80 320 20.00 
2 1481 200 200 50.00 
3 2267 195 205 48.75 
4 3177 199 209 48.77 
5 3690 151 249 37.75 
6 4149 225 181 55.42 
7 5017 236 164 59.00 
8 5599 170 232 42.29 
10 6288 156 244 39.00 
9 7240 180 220 45.00 
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Table D.6. Alteration rind flake thickness measurements. 
 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
1 1.78 2 2.42 3 1.58 4 1.46 5 1.58 
1 2.05 2 1.43 3 1.3 4 1.27 5 1.5 
1 1.39 2 2.07 3 1.95 4 1.01 5 1.74 
1 1.75 2 1.53 3 2.19 4 1.53 5 1.33 
1 1.61 2 1.61 3 1.02 4 1.86 5 1.83 
1 1.75 2 1.74 3 1.92 4 1.73 5 1.54 
1 1.46 2 2.37 3 2 4 1.14 5 3.69 
1 2.71 2 1.82 3 2.53 4 1.19 5 1.82 
1 1 2 2.14 3 2.86 4 1.39 5 2.58 
1 1.75 2 1.2 3 1.41 4 1.89 5 1.56 
1 1.21 2 1.46 3 1.47 4 1.94 5 2.07 
1 0.96 2 1.38 3 0.88 4 1.19 5 1.15 
1 1.22 2 1 3 1.47 4 1.84 5 1.83 
1 1.46 2 1.74 3 1.01 4 2.24 5 1.37 
1 1.23 2 1.69 3 2.19 4 2.16 5 1.4 
1 1.72 2 2.19 3 1.18 4 1.75 5 2.45 
1 1.67 2 2.45 3 1.61 4 2.14 5 1.28 
1 1.07 2 1.22 3 1.41 4 1.05 5 2.09 
1 1.18 2 1.65 3 1.77 4 1.47 5 2.15 
  2 2.9 3 2.19 4 2.6 5 2.44 
  2 1.27 3 1.64 4 1.37 5 1.87 
  2 1.46 3 1.44 4 1.9 5 2.16 
  2 1.25 3 2.23 4 1.36 5 2.11 
  2 1.08 3 1.39 4 1.14 5 1.15 
  2 1.17 3 2.3 4 1.49 5 0.95 
  2 1.84 3 1.5 4 2.01 5 2.47 
  2 2.44 3 2.63 4 2.42 5 2.83 
  2 2.18 3 2.28 4 1.54 5 1.47 
  2 1.3 3 1.13 4 2.55 5 2.55 
  2 2.04 3 1.45 4 1.85 5 3.73 
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Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
Site 
# 
Thickness 
(mm) 
6 2.22 7 1.02 8 1.34 9 1.42 10 1.55 
6 2.19 7 1.53 8 1.17 9 1.74 10 1.7 
6 2.38 7 1.7 8 1.69 9 1.16 10 1.48 
6 1.62 7 1.53 8 1.87 9 1.98 10 2.19 
6 1.07 7 1.79 8 2.87 9 1.81 10 1.54 
6 1.74 7 1.76 8 1.67 9 0.97 10 3.35 
6 1.05 7 2.29 8 3.68 9 1.88 10 1.14 
6 2.38 7 1.61 8 1.03 9 1.8 10 1.97 
6 0.95 7 1.38 8 1.14 9 2.33 10 2.04 
6 1.18 7 1.74 8 1.51 9 3.1 10 2.05 
6 1.78 7 2.25 8 1.5 9 1.85 10 1.14 
6 2 7 1.52 8 1.48 9 1.32 10 3.14 
6 1.45 7 2.06 8 1.15 9 3.22 10 1.7 
6 1.8 7 2.94 8 3.03 9 3.21 10 3.12 
6 1.3 7 1.22 8 1.6 9 1.26 10 1.99 
6 1.67 7 1.27 8 1.17 9 1.14 10 1.48 
6 1.66 7 2.84 8 1.88 9 2.17 10 1.38 
6 1.23 7 1.45 8 1.75 9 2.71 10 1.84 
6 1.95 7 1.14 8 1.02 9 1.88 10 2.1 
6 1.3 7 3.89 8 1.74 9 1.87 10 1.74 
6 1.67 7 1.07 8 1.32 9 1.39 10 1.23 
6 1.74 7 1.54 8 1.85 9 1.34 10 1.24 
6 0.74 7 1.36 8 1.08 9 2 10 1.14 
6 1.47 7 1.74 8 1.84 9 1.33 10 3.95 
6 1.38 7 1.08 8 2.2 9 3.66 10 2.7 
6 3.62 7 3.75 8 2.69 9 2.52 10 2.1 
6 2.36 7 2.28 8 2.92 9 1.13 10 2.32 
6 1.91 7 3.08 8 2.05 9 3.22 10 2.36 
6 2.52 7 1.38 8 1.51 9 3.28 10 1.6 
6 2.33 7 2.02 8 2.28 9 1.88   
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Table D.7. Summary of weathering pit measurements. STD = standard deviation. 
 
Season Site Distance (km) 
Avg. 
Width 
(mm) 
Avg 
Depth 
(mm) 
Avg. 
Volume 
(mm3) 
STD 
Width 
STD 
Depth 
STD 
Volume 
2010-11 1 7.105 8.916 4.431 280.946 2.973 1.813 433.951 
 2 6.423 9.230 5.592 338.718 2.616 2.026 295.894 
 3 5.734 8.068 3.672 154.798 2.192 1.391 121.800 
 4 5.032 6.047 2.317 51.592 1.265 0.520 33.713 
 5 3.085 4.333 2.323 29.349 0.912 0.905 27.723 
 6 3.618 5.077 2.587 45.943 1.498 0.741 43.831 
 7 4.234 5.103 2.576 40.377 1.126 0.725 24.683 
         2011-12 1 3.570 3.685 1.535 15.539 1.146 0.690 18.002 
 2 4.048 4.239 1.934 24.479 0.943 0.808 21.620 
 3 4.732 8.438 3.141 579.561 7.855 2.515 1635.264 
 4 5.338 5.959 2.298 68.006 2.473 0.943 71.017 
 5 5.917 4.734 1.787 270.509 5.792 2.665 1039.142 
 6 6.427 9.452 3.897 1097.465 9.684 3.982 2699.035 
 7 7.300 7.042 2.744 635.364 7.152 3.463 2568.887 
 8 7.769 9.492 4.222 846.227 8.080 3.301 3027.428 
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Table D.8. 2010-2011 season weathering pit measurements. Merged column equals 1 if the 
pit represented 2 or more pits merged together, 0 if not. 
 
Site Rock Width (mm) Depth (mm) Merged 
1 1 32.4 6 1 
1 1 6.76 4.63 0 
1 1 4.54 2.56 0 
1 1 4.57 1.91 0 
1 1 6.7 2.37 0 
1 1 10.63 4.25 0 
1 1 5.5 3.34 0 
1 1 7.34 2.23 0 
1 1 4.35 1.49 0 
1 1 4.78 1.78 0 
1 1 5.07 1.1 0 
1 1 4.44 1.43 0 
1 1 8.37 2.45 0 
1 1 14.91 4.52 0 
1 1 4.71 1.96 0 
1 2 35.25 14.94 0 
1 2 50.49 25.6 1 
1 2 10.59 9.81 0 
1 2 14.62 11.72 0 
1 2 13.4 8.52 0 
1 2 16.77 12.55 0 
1 2 13.65 8.54 0 
1 2 9.3 4.61 0 
1 2 31.29 12.21 0 
1 3 20.92 9.53 0 
1 3 12.57 4.53 0 
1 3 8.2 5.76 0 
1 3 20.81 8.14 0 
1 3 12.94 4.89 0 
1 3 14.82 4.83 0 
1 4 9.24 5.6 0 
1 4 8.22 6.64 0 
1 4 6.31 5.93 0 
1 4 4.97 1.76 0 
1 4 6.62 4.17 0 
1 4 7.41 2.8 0 
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Site Rock Width (mm) Depth (mm) Merged 
1 4 5.9 4.3 0 
1 4 8.44 3.71 0 
1 5 17.61 7.38 0 
1 5 7.04 4.41 0 
1 5 6.1 3.83 0 
1 5 6.76 2.84 0 
1 5 6.35 2.67 0 
1 5 9 4.41 0 
1 5 5.87 2.32 0 
1 5 5.28 2.78 0 
1 5 7.99 4.26 0 
1 5 7.22 3.93 0 
1 5 5.23 2.18 0 
1 5 13.24 3.33 1 
1 5 5.53 2.1 0 
1 5 4.41 1.48 0 
1 5 5.6 1.62 0 
1 5 4.03 1.35 0 
1 6 24.51 6.48 1 
1 6 14.53 4.85 1 
1 6 24.22 7.69 1 
1 6 7.45 6.19 0 
1 6 9.71 4.27 0 
1 6 10.07 4.76 0 
1 6 8.03 4.12 0 
1 6 8.47 3.26 0 
1 6 7.79 3.28 0 
1 6 5.93 3.11 0 
1 6 12.78 3.35 0 
1 6 5.37 4.93 0 
1 6 7.32 4.26 0 
1 6 9.46 4 0 
1 6 33.17 5.13 1 
1 6 6.64 7.3 0 
1 7 13.53 6.88 0 
1 7 15.21 4.31 0 
1 7 12.74 5.85 0 
1 7 30.15 6.38 1 
  
293 
Site Rock Width (mm) Depth (mm) Merged 
1 7 18.24 2.64 0 
1 7 13.07 4.71 0 
1 7 17.96 5.21 1 
1 7 9.51 3.31 0 
1 7 24.13 7.67 1 
1 7 21.21 9.73 1 
1 7 9.7 4.45 0 
1 7 8.89 4.35 0 
1 7 11.71 3.23 0 
1 7 11.1 5.56 0 
1 7 11.27 4.57 0 
1 7 32.62 10.36 1 
1 7 6.96 4.22 0 
1 7 8.39 5.3 0 
1 7 8.32 4.52 0 
1 7 9.41 2.11 0 
1 7 8.47 4.86 0 
1 7 5.44 3.37 0 
1 7 6.79 4.72 0 
1 8 16.75 3.55 1 
1 8 11.58 4.86 0 
1 8 7.47 4.15 0 
1 8 5.08 3.65 0 
1 8 8.67 3.99 0 
1 8 9.73 5.1 0 
1 8 8.05 3.94 0 
1 8 7.9 3.59 0 
1 8 9.42 4.08 0 
1 8 6.7 3.74 0 
1 8 9.65 3.51 0 
1 8 8.68 3.09 0 
1 8 9.1 3.88 0 
1 8 10.88 6.91 0 
1 8 8.72 3.73 0 
1 8 12.16 5.42 0 
1 8 6.99 3.87 0 
1 8 15.95 3.94 1 
1 8 3.55 2.38 0 
  
294 
Site Rock Width (mm) Depth (mm) Merged 
1 8 5.33 3.36 0 
1 9 28.86 3.83 1 
1 9 10.79 3.7 0 
1 9 12.18 2.99 0 
1 9 11.4 3.28 0 
1 9 8.72 3.17 0 
1 9 10.97 3.3 0 
1 9 3.66 1.17 0 
1 10 30.26 9.21 0 
1 10 10.41 5.49 0 
1 10 9.05 4.3 0 
1 10 7.83 5.48 0 
1 10 7.36 3.74 0 
1 10 7.52 3.65 0 
1 10 3.52 1.88 0 
1 11 19.53 6.89 1 
1 11 10.61 7.14 0 
1 11 10.98 4.28 0 
1 11 8.69 4.2 0 
1 11 8.12 5.04 0 
1 11 8.38 4.2 0 
1 11 4.63 1.94 0 
1 12 19 5.85 1 
1 12 12.4 5.68 0 
1 12 9.5 4.7 0 
1 12 10.96 5.22 0 
1 12 13.59 4.77 0 
1 12 8.15 2.37 0 
1 12 4.99 2.07 0 
1 13 9.91 4.12 0 
1 13 6.51 3.17 0 
1 13 6.29 3.7 0 
1 13 8.05 3.17 0 
1 13 7.55 2.45 0 
1 13 6.42 2.44 0 
1 13 3.09 1.11 0 
1 14 14.88 5.53 1 
1 14 7.81 4.44 0 
  
295 
Site Rock Width (mm) Depth (mm) Merged 
1 14 8.25 3.35 0 
1 14 7.35 3.1 0 
1 14 7.44 2.42 0 
1 14 8.26 4.03 0 
1 14 3.25 1.04 0 
1 15 61.04 27.66 1 
1 15 11.48 5.75 0 
1 15 10.02 4.68 0 
1 15 6.99 5.36 0 
1 15 9.01 3.25 0 
1 15 12.75 2.04 0 
1 15 2.6 0.72 0 
1 16 142 54.76 0 
1 16 122.3 38.8 0 
1 17 60.76 9.79 1 
1 17 6.22 13.53 0 
1 17 4.91 5.96 0 
1 17 4.49 7.02 0 
1 17 4.87 8.38 0 
1 17 4.46 6.25 0 
1 17 3.78 2.2 0 
1 18 29.02 3.89 1 
1 18 10.5 4.57 0 
1 18 9.9 3.14 0 
1 18 7.32 3.08 0 
1 18 6.89 2.86 0 
1 18 8.35 3.77 0 
1 18 3.39 2.07 0 
1 19 20.4 8.07 0 
1 19 16.78 7.2 0 
1 19 8.27 4.19 0 
1 19 7.14 4.01 0 
1 19 5.63 3.36 0 
1 19 7.75 5.23 0 
1 19 3.17 1.22 0 
1 20 7.94 4.88 0 
1 20 5.7 3.23 0 
1 20 6.49 2.95 0 
  
296 
Site Rock Width (mm) Depth (mm) Merged 
1 20 5.11 3.91 0 
1 20 6.85 2.84 0 
1 20 7.01 2.78 0 
1 20 2.77 2.25 0 
2 1 30.06 16.4 0 
2 1 17.87 14.44 0 
2 1 16.33 11.04 0 
2 1 11.74 7.58 0 
2 1 12.39 9.25 0 
2 1 8.35 4.64 0 
2 1 3.75 1.35 0 
2 2 43.73 10 1 
2 2 9.17 6.42 0 
2 2 10.59 3.68 0 
2 2 6.86 2.71 0 
2 2 7.94 2.89 0 
2 2 9.33 3.31 0 
2 2 3.06 2.08 0 
2 3 13.8 6.64 0 
2 3 8.65 5.95 0 
2 3 5.52 4.01 0 
2 3 4.92 2.51 0 
2 3 5.91 4.22 0 
2 3 7.65 5.29 0 
2 3 3.01 1.52 0 
2 4 46.9 11.55 1 
2 4 16.72 5.95 0 
2 4 16.69 5.49 0 
2 4 11.52 4.61 0 
2 4 14.3 6.51 0 
2 4 12.05 8.75 0 
2 4 3.8 3.12 0 
2 5 19.58 6.01 0 
2 5 9.18 4.09 0 
2 5 12.16 5.4 0 
2 5 7.92 4.08 0 
2 5 5.43 3.84 0 
2 5 8.24 4.5 0 
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Site Rock Width (mm) Depth (mm) Merged 
2 5 3.31 0.84 0 
2 6 21.44 8.78 1 
2 6 10.93 7.31 0 
2 6 9.14 4.09 0 
2 6 6.35 5.06 0 
2 6 7.84 5.74 0 
2 6 5.24 3.2 0 
2 6 2.94 1.71 0 
2 7 20.48 8.79 1 
2 7 16.45 7.43 0 
2 7 7.06 5.13 0 
2 7 9.43 4.77 0 
2 7 6.87 5.9 0 
2 7 8.61 3.72 0 
2 7 3.24 1.05 0 
2 8 15.75 8.81 0 
2 8 9.18 6.12 0 
2 8 13.86 6.51 0 
2 8 11.23 4.04 0 
2 8 5.33 4.05 0 
2 8 4.84 2.36 0 
2 8 2.64 0.78 0 
2 9 8.53 4.69 0 
2 9 6.53 4.34 0 
2 9 4.38 3.7 0 
2 9 3.6 3.64 0 
2 9 4.9 2.22 0 
2 9 3.02 3.42 0 
2 9 2.9 0.91 0 
2 10 21.89 9.31 1 
2 10 17.68 11.18 0 
2 10 6.89 5.54 0 
2 10 10.18 5.48 0 
2 10 7.57 6.26 0 
2 10 12.08 5.61 0 
2 10 2.69 1.83 0 
2 11 28.81 13.49 0 
2 11 10.28 7.95 0 
  
298 
Site Rock Width (mm) Depth (mm) Merged 
2 11 10.81 5.75 0 
2 11 7.91 7.77 0 
2 11 10.3 7.84 0 
2 11 11.14 9.02 0 
2 11 2.7 0.98 0 
2 12 22.64 3.73 0 
2 12 11.31 9.03 0 
2 12 8.42 7.4 0 
2 12 8.84 5.5 0 
2 12 10.53 7.53 0 
2 12 8.56 5.95 0 
2 12 3.27 1.44 0 
2 13 10.62 4.67 0 
2 13 6.39 4.18 0 
2 13 5.74 2.88 0 
2 13 5.04 3.34 0 
2 13 6.73 3.23 0 
2 13 6.32 4.97 0 
2 13 3.81 2.35 0 
2 14 14.07 8.22 0 
2 14 9 6.56 0 
2 14 7.24 6.1 0 
2 14 7.11 6.55 0 
2 14 7.76 7.44 0 
2 14 6.3 5.64 0 
2 14 1.75 0.65 0 
2 15 54.05 9.64 1 
2 15 20.54 10.37 0 
2 15 12.19 9.99 0 
2 15 10.86 11.2 0 
2 15 11.83 9.37 0 
2 15 8.84 8.67 0 
2 15 3.42 1.28 0 
2 16 48.1 20.6 1 
2 16 12.25 8.32 0 
2 16 10.2 8.91 0 
2 16 9.39 6.48 0 
2 16 9.42 5.31 0 
  
299 
Site Rock Width (mm) Depth (mm) Merged 
2 16 7.93 3.9 0 
2 16 3.76 2.96 0 
2 17 21.43 14.86 0 
2 17 14.02 9.78 0 
2 17 11.87 8.72 0 
2 17 10.15 7.22 0 
2 17 8.41 5.77 0 
2 17 17.95 14.34 0 
2 17 5.24 4.41 0 
2 18 24.23 16.37 0 
2 18 14.17 8.19 0 
2 18 16.64 10.62 0 
2 18 13.21 9.12 0 
2 18 12.22 5.88 0 
2 18 12.65 6.39 0 
2 18 3.88 1.7 0 
2 19 13.96 2.92 0 
2 19 7.77 4.34 0 
2 19 6.63 4.31 0 
2 19 5.86 3.57 0 
2 19 4.69 1.47 0 
2 19 4.79 3.04 0 
2 19 2.76 1.28 0 
2 20 40.69 13.49 0 
2 20 9.95 5.8 0 
2 20 9.21 4.72 0 
2 20 8.88 4.9 0 
2 20 8.89 4.33 0 
2 20 9.07 6.13 0 
2 20 3.47 0.69 0 
2 21 59.92 14.29 1 
2 21 13 6.59 0 
2 21 10.41 5.95 0 
2 21 14.73 7.79 0 
2 21 12.26 5.73 0 
2 21 8.22 4.7 0 
2 21 2.74 1.71 0 
2 22 18.69 3.81 1 
  
300 
Site Rock Width (mm) Depth (mm) Merged 
2 22 8.56 3.83 0 
2 22 5.55 2.72 0 
2 22 7.01 2.46 0 
2 22 5.65 2.86 0 
2 22 7.57 3.09 0 
2 22 2.58 0.83 0 
2 23 38 14.31 1 
2 23 16.4 6.74 0 
2 23 20.79 6.59 0 
2 23 12.47 5.74 0 
2 23 18.55 7.21 0 
2 23 7.22 5.01 0 
2 23 3.83 2 0 
2 24 16.17 6.28 0 
2 24 8.44 4.98 0 
2 24 7.81 3.86 0 
2 24 7.69 2.99 0 
2 24 9.26 3.56 0 
2 24 7.12 2.98 0 
2 24 2.46 1.53 0 
2 25 25.64 5.88 1 
2 25 10.88 4.79 0 
2 25 10.05 5.12 0 
2 25 6.57 3.64 0 
2 25 9.19 3.32 0 
2 25 7.93 3.71 0 
2 25 3.58 3.07 0 
3 1 26.38 7.49 1 
3 1 7.87 7.81 0 
3 1 11.35 7.24 0 
3 1 10.82 7.7 0 
3 1 9.6 7.33 0 
3 1 10.31 6.87 0 
3 1 5.48 2.04 0 
3 2 26.1 9.24 1 
3 2 11.46 7.06 0 
3 2 9.57 5.47 0 
3 2 7.39 5.34 0 
  
301 
Site Rock Width (mm) Depth (mm) Merged 
3 2 6.27 2.11 0 
3 2 6.59 4.11 0 
3 2 3.11 1.47 0 
3 3 9.22 4.39 0 
3 3 7.87 3.19 0 
3 3 6.45 2.74 0 
3 3 6.23 2 0 
3 3 5.84 2.19 0 
3 3 7.06 2.64 0 
3 3 2.5 1.01 0 
3 4 27.35 13.75 1 
3 4 19.01 6.59 0 
3 4 11.1 2.29 0 
3 4 13.25 3.12 0 
3 4 16.97 3.25 0 
3 4 11.69 2.12 0 
3 4 6.13 2.39 0 
3 5 19.52 6.86 1 
3 5 9.39 4.57 0 
3 5 7.15 3.94 0 
3 5 15.64 5.44 0 
3 5 9.15 3.82 0 
3 5 10.97 2.88 0 
3 5 3.99 1.78 0 
3 6 18.2 5.62 1 
3 6 9.66 5.42 0 
3 6 7.62 3.45 0 
3 6 8.62 3.05 0 
3 6 5.5 3.26 0 
3 6 7.81 3.75 0 
3 6 2.68 1.83 0 
3 7 23.7 4.49 1 
3 7 8.66 4.82 0 
3 7 8.15 5.88 0 
3 7 8.4 4.7 0 
3 7 8.12 3.56 0 
3 7 7.02 3.87 0 
3 7 3.41 1.44 0 
  
302 
Site Rock Width (mm) Depth (mm) Merged 
3 8 10.2 6.74 0 
3 8 8.72 7.34 0 
3 8 7.77 4.81 0 
3 8 7.44 2.02 0 
3 8 5.22 3.43 0 
3 8 3.95 2.86 0 
3 8 2.73 0.5 0 
3 9 15.81 3.29 0 
3 9 12.05 3.49 0 
3 9 8.06 3.17 0 
3 9 7.36 3.57 0 
3 9 6.75 2.72 0 
3 9 6.77 5.05 0 
3 9 2.92 1.05 0 
3 10 6.97 4.56 0 
3 10 5.58 2.9 0 
3 10 5.74 1.73 0 
3 10 5.71 2.1 0 
3 10 4.86 1.89 0 
3 10 4.9 1.68 0 
3 10 1.79 0.45 0 
3 11 27 3.33 1 
3 11 7.88 2.39 0 
3 11 5.58 1.89 0 
3 11 5.95 1.69 0 
3 11 4.61 2.04 0 
3 11 5.64 2.19 0 
3 11 1.84 0.47 0 
3 12 8.79 2.63 0 
3 12 6.28 3.61 0 
3 12 6.38 3.77 0 
3 12 6.98 0.89 0 
3 12 5.61 2.61 0 
3 12 5.57 1.81 0 
3 12 4.01 1.28 0 
3 13 21.91 9.53 0 
3 13 5.87 8.46 0 
3 13 5.97 7.75 0 
  
303 
Site Rock Width (mm) Depth (mm) Merged 
3 13 5.1 3.55 0 
3 13 5.01 2.88 0 
3 13 5.57 4.95 0 
3 13 2.2 1.72 0 
3 14 9.92 4.7 0 
3 14 4.09 2.28 0 
3 14 6.1 2.66 0 
3 14 4.36 2.55 0 
3 14 8.08 2.73 0 
3 14 8.78 3.23 0 
3 14 2.5 1.34 0 
3 15 18.62 3.78 0 
3 15 8.72 3.22 0 
3 15 5.76 2.87 0 
3 15 6.11 3.26 0 
3 15 6.27 2.39 0 
3 15 5.02 2.25 0 
3 15 2.27 0.63 0 
3 16 26.84 7 1 
3 16 13.27 8.57 0 
3 16 10.97 5.98 0 
3 16 10.71 5.67 0 
3 16 12.05 6.59 0 
3 16 7.74 3.09 0 
3 16 3.05 1.55 0 
3 17 27.42 3.21 1 
3 17 7.79 2.14 0 
3 17 5.92 1.98 0 
3 17 8.19 2.64 0 
3 17 5.9 2.63 0 
3 17 6.38 2.17 0 
3 17 2.72 1.43 0 
3 18 21.23 5.09 1 
3 18 11.72 3.05 0 
3 18 8.91 1.86 0 
3 18 7.82 2.53 0 
3 18 5.81 2.84 0 
3 18 8.28 2.6 0 
  
304 
Site Rock Width (mm) Depth (mm) Merged 
3 18 3.72 1.51 0 
3 19 13.49 3.78 0 
3 19 9.59 3.39 0 
3 19 10.7 3.16 0 
3 19 7.48 2.93 0 
3 19 9.65 2.06 0 
3 19 7.63 1.63 0 
3 19 3.74 1.19 0 
3 20 41.89 9.98 1 
3 20 31.03 13.57 0 
3 20 11.95 5.18 0 
3 20 15.89 5.25 0 
3 20 14.21 4.43 0 
3 20 8.98 4.82 0 
3 20 3.55 1.13 0 
3 21 45.34 6.12 1 
3 21 13.38 6.98 0 
3 21 15.21 5.27 0 
3 21 13.38 7.3 0 
3 21 8.19 4.82 0 
3 21 6.41 3.64 0 
3 21 2.96 2.44 0 
3 22 15.15 1.67 0 
3 22 9.52 3.54 0 
3 22 8.02 3.56 0 
3 22 6.95 3.55 0 
3 22 6.46 1.73 0 
3 22 7.03 3.1 0 
3 22 2.99 1.91 0 
3 23 73.55 15.54 1 
3 23 37.17 10.78 0 
3 23 30.25 10.93 0 
3 23 14.84 5.05 0 
3 23 23.86 4.7 0 
3 23 13.07 5.69 0 
3 23 4 1.66 0 
3 24 54.15 8.25 1 
3 24 14.21 8.58 0 
  
305 
Site Rock Width (mm) Depth (mm) Merged 
3 24 9.04 5.21 0 
3 24 8 3.58 0 
3 24 11.57 6.18 0 
3 24 8.35 5.03 0 
3 24 3.84 1.46 0 
4 1 10.37 6.63 0 
4 1 8.21 3.05 0 
4 1 3.33 4.06 0 
4 1 6.68 1.68 0 
4 1 7.59 3.49 0 
4 1 6.93 1.48 0 
4 1 3.8 1.17 0 
4 2 13.99 2.64 1 
4 2 6.01 2.41 0 
4 2 7.63 2.96 0 
4 2 11 2.33 0 
4 2 6.58 3 0 
4 2 4.35 1.89 0 
4 2 2.44 0.49 0 
4 3 49.79 10.99 1 
4 3 12.47 2.04 1 
4 3 4.75 1.46 0 
4 3 4.72 1.61 0 
4 3 6.89 1.45 0 
4 3 5.32 1.36 0 
4 3 2.56 0.55 0 
4 4 24.54 6.18 1 
4 4 10.51 2.99 1 
4 4 4.7 2.85 0 
4 4 4.26 2.47 0 
4 4 5.18 3.99 0 
4 4 4.8 2.1 0 
4 4 2.41 1.34 0 
4 5 22.87 4.78 1 
4 5 6.2 2.66 0 
4 5 5.63 2.32 0 
4 5 5.78 2.29 0 
4 5 10.12 4.15 1 
  
306 
Site Rock Width (mm) Depth (mm) Merged 
4 5 5.32 3.68 0 
4 5 3.29 0.75 0 
4 6 12.61 2.96 0 
4 6 10.67 2.91 0 
4 6 3.9 1.56 0 
4 6 4.47 1.96 0 
4 6 5.53 1.57 0 
4 6 4.84 1.47 0 
4 6 2.18 1.35 0 
4 7 14.67 9.28 0 
4 7 8.02 3.26 0 
4 7 8.94 2.5 0 
4 7 5.61 1.46 0 
4 7 11.88 3.06 0 
4 7 6.33 1.69 0 
4 7 2.03 1.42 0 
4 8 8.5 2.02 0 
4 8 7.11 2.76 0 
4 8 6.16 2.16 1 
4 8 4.21 1.95 0 
4 8 4.06 2.76 0 
4 8 6.5 3.25 0 
4 8 2.28 1.15 0 
4 9 17.78 11.23 0 
4 9 8.61 5.24 0 
4 9 10.16 7.18 0 
4 9 10.85 6.68 0 
4 9 10.16 6.44 0 
4 9 9.12 11.49 0 
4 9 3.55 1.9 0 
4 10 7.87 4.31 0 
4 10 7.65 3.81 0 
4 10 6.35 3.92 0 
4 10 4.94 2.16 0 
4 10 4.57 2.5 0 
4 10 4.27 1.75 0 
4 10 2.69 1.6 0 
4 11 8.59 1.74 1 
  
307 
Site Rock Width (mm) Depth (mm) Merged 
4 11 6.02 3.03 0 
4 11 7.1 2.63 0 
4 11 3.41 2.64 0 
4 11 5.75 2.55 0 
4 11 5.54 2.91 0 
4 11 2.04 0.87 0 
4 12 15.54 2.4 1 
4 12 6.25 2.5 0 
4 12 6.39 2.09 0 
4 12 5.91 1.88 0 
4 12 6.48 2.07 0 
4 12 4.86 2.56 0 
4 12 2.49 1.4 0 
4 13 24.08 2.71 1 
4 13 10.5 3.17 0 
4 13 11.32 2.8 1 
4 13 9.49 2.04 0 
4 13 8.87 3.51 0 
4 13 7.13 3.78 0 
4 13 3.13 1.32 0 
4 14 17.36 2.91 1 
4 14 14.56 2.96 0 
4 14 6.99 1.98 0 
4 14 5.7 2.65 0 
4 14 4.63 2.39 0 
4 14 5.6 1.38 0 
4 14 2.36 1.62 0 
4 15 6.79 3.12 0 
4 15 5.29 2.86 0 
4 15 6.06 1.82 0 
4 15 4.8 2.45 0 
4 15 4.06 1.46 0 
4 15 4.73 3.52 0 
4 15 2.09 0.84 0 
4 16 19.86 4.15 0 
4 16 5.89 1.91 0 
4 16 5.75 1.41 0 
4 16 5.14 1.79 0 
  
308 
Site Rock Width (mm) Depth (mm) Merged 
4 16 5.91 2.26 0 
4 16 6.33 1.23 0 
4 16 2.86 1.67 0 
4 17 19.23 5.46 1 
4 17 8.47 2.46 0 
4 17 6.25 3.12 0 
4 17 8.52 2.24 1 
4 17 6.86 2.86 0 
4 17 6.25 2.59 0 
4 17 2.66 0.57 0 
4 18 26.72 11.8 0 
4 18 24.28 12.54 0 
4 18 16.13 8.54 0 
4 18 9.26 3.39 0 
4 18 12.11 5.19 0 
4 18 9.25 2.51 0 
4 18 6.2 2.13 0 
4 19 6.04 2.16 1 
4 19 4.73 1.49 0 
4 19 3.78 1.58 0 
4 19 5.97 1.99 0 
4 19 4.06 1.52 0 
4 19 3.12 1.74 0 
4 19 1.71 1.26 0 
4 20 11.4 1.75 1 
4 20 7.44 2.12 0 
4 20 6.26 2.26 0 
4 20 10.57 3.21 0 
4 20 8.15 2.58 0 
4 20 7.73 2.46 0 
4 20 3.69 1.77 0 
4 21 6.9 2.4 0 
4 21 6.02 2.65 0 
4 21 5.04 2.34 0 
4 21 6.16 2.2 0 
4 21 5.33 2.55 0 
4 21 5.28 2.2 0 
4 21 2.12 0.22 0 
  
309 
Site Rock Width (mm) Depth (mm) Merged 
4 22 16 2.81 1 
4 22 6.2 2.42 0 
4 22 4.94 2.2 0 
4 22 4.78 1.89 0 
4 22 4.51 2.3 0 
4 22 3.65 1.67 0 
4 22 2.86 0.73 0 
4 23 39.15 4.47 1 
4 23 12.25 2.16 1 
4 23 8.33 1.36 0 
4 23 5.46 1.39 0 
4 23 11.05 1.16 0 
4 23 6.78 1.03 0 
4 23 2.53 0.7 0 
4 24 14.91 3.82 1 
4 24 8.57 3.12 0 
4 24 6.16 1.96 0 
4 24 6.22 2.05 0 
4 24 6.41 1.71 0 
4 24 6.06 1.65 0 
4 24 2.41 1.22 0 
4 25 15.67 5.69 0 
4 25 13.97 4.31 0 
4 25 7.02 2.7 0 
4 25 7.64 3.48 0 
4 25 8.39 2.22 0 
4 25 7.8 3.37 0 
4 25 3.19 0.75 0 
5 1 9.37 3.34 0 
5 1 3.78 2.8 0 
5 1 4.07 2.4 0 
5 1 4.08 1.7 0 
5 1 4.26 2.08 0 
5 1 3.58 3.21 0 
5 1 2.47 0.73 0 
5 2 5.26 2.63 0 
5 2 4.38 2.93 0 
5 2 4.18 3.33 0 
  
310 
Site Rock Width (mm) Depth (mm) Merged 
5 2 3.32 1.27 0 
5 2 2.8 2.47 0 
5 2 3.74 2.173 0 
5 2 2.36 1.67 0 
5 3 6.38 1.62 0 
5 3 4.15 2.97 0 
5 3 4.38 1.66 0 
5 3 4.69 2.5 0 
5 3 3.36 1.78 0 
5 3 3.93 2.2 0 
5 3 2.69 0.46 0 
5 4 9.61 3.41 0 
5 4 5.14 2.98 0 
5 4 5.24 1.36 0 
5 4 2.87 1.7 0 
5 4 3.69 1.72 0 
5 4 2.82 1.38 0 
5 4 1.71 0.93 0 
5 5 7.71 3.72 0 
5 5 4.33 2.75 0 
5 5 5.15 3.79 0 
5 5 5.46 1.66 0 
5 5 3.95 2.53 0 
5 5 5.15 2.2 0 
5 5 2.27 0.8 0 
5 6 6.62 2.49 0 
5 6 4.9 2.31 0 
5 6 4.65 2.15 0 
5 6 4.01 3.1 0 
5 6 5.53 2.23 0 
5 6 2.86 1.14 0 
5 6 2.72 1.05 0 
5 7 20.73 2.69 1 
5 7 6.98 2.15 1 
5 7 5.87 1.55 0 
5 7 4.78 0.84 0 
5 7 4.34 0.94 0 
5 7 6.01 2.24 0 
  
311 
Site Rock Width (mm) Depth (mm) Merged 
5 7 2.83 1.89 0 
5 8 21.1 4.5 1 
5 8 7.2 3.37 0 
5 8 4.93 2.29 0 
5 8 5.12 3.79 0 
5 8 7.71 4.85 0 
5 8 4.55 2.39 0 
5 8 2.45 0.96 0 
5 9 13.07 4.69 0 
5 9 7.22 8.62 0 
5 9 7.67 4.51 0 
5 9 4.95 2.25 0 
5 9 4.97 3.8 0 
5 9 5.09 3.67 0 
5 9 3.47 1.3 0 
5 10 18.97 4.08 1 
5 10 6.15 2.62 0 
5 10 4.25 1.32 0 
5 10 6.83 2.94 0 
5 10 4.26 2.47 0 
5 10 4.28 1.25 0 
5 10 2.13 2.16 0 
5 11 8.58 3.04 0 
5 11 4.54 3.18 0 
5 11 4.49 2.26 0 
5 11 4.12 1.63 0 
5 11 3.35 2.26 0 
5 11 4.06 2.07 0 
5 11 2.59 1.94 0 
5 12 6.22 3.06 0 
5 12 4.55 3.87 0 
5 12 4.96 3.04 0 
5 12 4.38 2.74 0 
5 12 5.3 3.41 0 
5 12 4.18 2.1 0 
5 12 2.28 0.93 0 
5 13 21.69 9.84 0 
5 13 7.16 5.01 0 
  
312 
Site Rock Width (mm) Depth (mm) Merged 
5 13 9.12 6.2 0 
5 13 5.69 4.11 0 
5 13 6.82 3.78 0 
5 13 4.97 3.37 0 
5 13 3.59 1.78 0 
5 14 5.93 2.24 0 
5 14 3.28 2.04 0 
5 14 2.87 1.72 0 
5 14 4.17 1.76 0 
5 14 3.32 1.2 0 
5 14 2.39 1.89 0 
5 14 2.26 0.4 0 
5 15 7.72 4.07 0 
5 15 6.59 5.12 0 
5 15 6.64 3.35 0 
5 15 3.83 3.77 0 
5 15 4.65 2.67 0 
5 15 3.32 2.82 0 
5 15 2.91 1.54 0 
5 16 6.55 3.31 0 
5 16 4.03 1.52 0 
5 16 2.47 1.26 0 
5 16 3.28 1.74 0 
5 16 2.54 1.76 0 
5 16 4.12 0.73 0 
5 16 2.39 0.73 0 
5 17 8.35 4.48 1 
5 17 5.82 2.64 0 
5 17 4.21 2.95 0 
5 17 4.16 3.5 0 
5 17 4.96 3.25 0 
5 17 5.36 2.77 0 
5 17 2.64 0.73 0 
5 18 7.18 3.25 1 
5 18 4.28 1.87 0 
5 18 3.78 2.06 0 
5 18 3.88 1.64 0 
5 18 3.54 1.78 0 
  
313 
Site Rock Width (mm) Depth (mm) Merged 
5 18 2.94 1.46 0 
5 18 2.69 1.15 0 
5 19 5.75 1.26 0 
5 19 3.43 2.24 0 
5 19 3.46 0.93 0 
5 19 2.42 1.17 0 
5 19 2.88 1.44 0 
5 19 2.33 1.16 0 
5 19 1.84 1.38 0 
5 20 5.91 2.17 0 
5 20 4.36 2.5 0 
5 20 4.01 1.96 0 
5 20 3.57 1.47 0 
5 20 2.65 1.76 0 
5 20 2.99 0.91 0 
5 20 1.82 1.07 0 
5 21 4.27 2.24 0 
5 21 3.37 1.52 0 
5 21 3.96 1.53 0 
5 21 2.84 1.89 0 
5 21 3.61 1.33 0 
5 21 3.62 0.6 0 
5 21 1.85 0.25 0 
5 22 7.58 2.94 1 
5 22 4.94 2.86 0 
5 22 4.91 2.34 0 
5 22 4.4 2.89 0 
5 22 3.74 1.25 0 
5 22 4.73 1.3 0 
5 22 2.57 0.79 0 
5 23 15.2 2.74 1 
5 23 6.23 4.86 0 
5 23 5.82 3.46 0 
5 23 5.28 1.85 0 
5 23 4.69 2.48 0 
5 23 3.82 2.25 0 
5 23 2.72 0.84 0 
5 24 7.2 3.33 0 
  
314 
Site Rock Width (mm) Depth (mm) Merged 
5 24 5.03 3.45 0 
5 24 4.54 1.82 0 
5 24 2.96 2.11 0 
5 24 5.51 2.73 0 
5 24 4.23 1.01 0 
5 24 2.41 0.97 0 
5 25 8.12 1.84 1 
5 25 5.49 1.8 0 
5 25 3.93 1.35 0 
5 25 3.79 1.24 0 
5 25 2.01 1.64 0 
5 25 3.54 1.15 0 
5 25 1.83 0.64 0 
6 1 15.47 3.82 1 
6 1 5.01 2.65 0 
6 1 6.24 3.44 0 
6 1 5.67 2.41 0 
6 1 4.62 2.93 0 
6 1 5.07 3.53 0 
6 1 3.18 1.61 0 
6 2 6.25 2.39 0 
6 2 4.06 2.93 0 
6 2 4.87 3.09 0 
6 2 3.7 1.38 0 
6 2 2.07 2.42 0 
6 2 3.08 2.19 0 
6 2 2.27 1.41 0 
6 3 6.2 3.71 0 
6 3 5.46 2.94 0 
6 3 4.05 2.48 0 
6 3 3.65 1.25 0 
6 3 3.64 2.35 0 
6 3 3.18 1.62 0 
6 3 2.06 1.24 0 
6 4 8.39 3.05 0 
6 4 4.37 1.67 0 
6 4 3.05 1.2 0 
6 4 6.48 2.66 0 
  
315 
Site Rock Width (mm) Depth (mm) Merged 
6 4 4.8 1.76 0 
6 4 5.69 2.75 0 
6 4 2.41 0.91 0 
6 5 3.17 3.13 0 
6 5 4.7 2.08 0 
6 5 3.64 1.22 0 
6 5 4.07 2.14 0 
6 5 2.23 1.78 0 
6 5 2.79 1.26 0 
6 5 2.41 1.26 0 
6 6 7.65 2.11 1 
6 6 5.04 2.68 0 
6 6 3.9 2.64 0 
6 6 3.39 2.06 0 
6 6 3.38 1.41 0 
6 6 3.07 1.86 0 
6 6 2.15 1.46 0 
6 7 11.16 2.99 0 
6 7 7.27 4.14 0 
6 7 6.16 3.1 0 
6 7 5.22 3.18 0 
6 7 7.52 2.62 0 
6 7 5.16 1.28 0 
6 7 2.03 1.64 0 
6 8 8.92 3.7 0 
6 8 7.26 3.46 0 
6 8 5.19 2.76 0 
6 8 4.54 2.4 0 
6 8 4.41 2.91 0 
6 8 3.49 1.63 0 
6 8 3.06 1.86 0 
6 9 11.05 3.62 1 
6 9 6.74 3.56 0 
6 9 5.5 3.06 0 
6 9 4.69 2.31 0 
6 9 5.29 2.37 0 
6 9 6.38 2.8 0 
6 9 2.81 0.94 0 
  
316 
Site Rock Width (mm) Depth (mm) Merged 
6 10 26.93 6.13 1 
6 10 9.96 5.75 0 
6 10 7.29 3.68 0 
6 10 7.38 2.18 0 
6 10 8.76 2.65 0 
6 10 6.9 4.67 0 
6 10 3.5 2.35 0 
6 11 5.38 2.89 0 
6 11 4.65 1.34 0 
6 11 3.78 2.77 0 
6 11 4.7 2.21 0 
6 11 4.33 1.59 0 
6 11 4.18 1.27 0 
6 11 2.47 1.17 0 
6 12 6.69 3.29 0 
6 12 4.37 2.75 0 
6 12 4.57 3.64 0 
6 12 5.95 2.28 0 
6 12 6.48 2.76 0 
6 12 4.58 3.17 0 
6 12 3.52 1.53 0 
6 13 6.16 2.41 0 
6 13 5.36 2.48 0 
6 13 2.89 1.57 0 
6 13 1.18 1.2 0 
6 13 2.69 1.48 0 
6 13 3.03 1.29 0 
6 13 1.76 0.61 0 
6 14 8.81 2.04 0 
6 14 5.38 2.06 0 
6 14 4.2 2.6 0 
6 14 4.83 1.97 0 
6 14 4.44 1.96 0 
6 14 3.4 1.46 0 
6 14 2.47 1.57 0 
6 15 54.81 14.75 1 
6 15 12.41 5.4 0 
6 15 9.76 6.73 0 
  
317 
Site Rock Width (mm) Depth (mm) Merged 
6 15 7.4 3.41 0 
6 15 12.06 4.54 0 
6 15 6.57 3.35 0 
6 15 3.2 2.7 0 
6 16 11.16 3.34 1 
6 16 6.03 4.19 0 
6 16 5.98 3.95 0 
6 16 5.32 3.3 0 
6 16 4.67 2.69 0 
6 16 3.86 2.75 0 
6 16 2.89 2.06 0 
6 17 20.3 3.12 1 
6 17 8.82 3.3 0 
6 17 7.62 3.55 0 
6 17 8.34 1.72 0 
6 17 6.97 2.29 0 
6 17 8.09 3.52 0 
6 17 3.79 1.38 0 
6 18 10.33 3.63 0 
6 18 6.37 4.19 0 
6 18 7.14 2.54 0 
6 18 4.68 2.33 0 
6 18 4.48 1.58 0 
6 18 6.67 2.56 0 
6 18 3.24 1.07 0 
6 19 11.46 7.19 0 
6 19 4.65 3.48 0 
6 19 4.92 4.26 0 
6 19 5.15 2.67 0 
6 19 3.41 2.06 0 
6 19 4.06 1.35 0 
6 19 2.2 0.78 0 
6 20 8.33 2.34 0 
6 20 4.62 4.21 0 
6 20 5.24 2.32 0 
6 20 3.59 1.23 0 
6 20 3.52 1.94 0 
6 20 4.39 1.4 0 
  
318 
Site Rock Width (mm) Depth (mm) Merged 
6 20 2.16 1.06 0 
6 21 20.04 5.48 1 
6 21 6.12 3.93 0 
6 21 5.82 3.59 0 
6 21 5.54 4.69 0 
6 21 4.39 3.28 0 
6 21 4.71 3.5 0 
6 21 3.4 1.95 0 
6 22 10.97 3.45 0 
6 22 7.77 5.2 0 
6 22 8.51 4.74 0 
6 22 7.38 3.78 0 
6 22 5.44 2.91 0 
6 22 5.09 2.08 0 
6 22 3.03 1.22 0 
6 23 4.49 1.73 0 
6 23 3.23 1.53 0 
6 23 3.02 1.16 0 
6 23 3.42 2.21 0 
6 23 3.47 1.3 0 
6 23 2.56 1.35 0 
6 23 1.85 0.62 0 
6 24 12.71 3.03 1 
6 24 5.05 2 0 
6 24 3.25 2.17 0 
6 24 6.2 2.63 0 
6 24 4.26 1.5 0 
6 24 5.02 1.29 0 
6 24 2.03 0.47 0 
6 25 9.26 4.34 0 
6 25 5.88 1.4 0 
6 25 6.2 3.56 0 
6 25 4.47 2.5 0 
6 25 5.8 4.08 0 
6 25 5.95 2.76 0 
6 25 3.35 2.29 0 
7 1 13.06 15.58 0 
7 1 6.52 5.67 0 
  
319 
Site Rock Width (mm) Depth (mm) Merged 
7 1 6.31 6.47 0 
7 1 5.62 2.92 0 
7 1 5.09 2.16 0 
7 1 4.72 5.39 0 
7 1 2.63 2.2 0 
7 2 8.27 4.42 0 
7 2 5.15 2.63 0 
7 2 4.23 2.1 0 
7 2 6.09 2.48 0 
7 2 3.94 0.98 0 
7 2 3.58 1.89 0 
7 2 2.53 0.74 0 
7 3 6.49 3.57 0 
7 3 4.44 3.21 0 
7 3 4.11 1.54 0 
7 3 3.88 3.98 0 
7 3 3.72 2.4 0 
7 3 3.36 2.15 0 
7 3 3.02 2.39 0 
7 4 8.29 3.48 0 
7 4 5.72 2.14 0 
7 4 5.14 2.74 0 
7 4 4.96 3.1 0 
7 4 3.97 2.09 0 
7 4 5.23 3.27 0 
7 4 3.12 1.51 0 
7 5 8.45 3.46 0 
7 5 5.67 2.61 0 
7 5 4.83 1.81 0 
7 5 3.89 2.84 0 
7 5 4.8 2.81 0 
7 5 5.08 2.6 0 
7 5 3.35 1.37 0 
7 6 29.14 22.92 0 
7 6 21.01 22.67 0 
7 6 16.14 11.43 0 
7 6 18.96 10.64 0 
7 6 29.91 23.78 0 
  
320 
Site Rock Width (mm) Depth (mm) Merged 
7 6 15.63 11.18 0 
7 6 5.42 3.84 0 
7 7 9.75 6.24 0 
7 7 5.02 3.97 0 
7 7 7.96 5.02 0 
7 7 5.94 2.49 0 
7 7 6.97 5.06 0 
7 7 5.81 2.64 0 
7 7 3.13 1.64 0 
7 8 8.88 2.61 1 
7 8 6.77 3.61 0 
7 8 6.76 3.73 0 
7 8 5.3 3.61 0 
7 8 3.95 3.92 0 
7 8 5.13 2.44 0 
7 8 2.27 1.36 0 
7 9 10.59 3.74 0 
7 9 5.25 2.72 0 
7 9 6.39 2.95 0 
7 9 6.19 2.75 0 
7 9 7.12 3.41 0 
7 9 7.35 3.3 0 
7 9 2.72 1.8 0 
7 10 8.54 2.85 0 
7 10 5.91 3.33 0 
7 10 5.84 2.51 0 
7 10 3.72 3.07 0 
7 10 4.32 1.53 0 
7 10 3.95 0.76 0 
7 10 2.47 0.82 0 
7 11 5.68 1.84 0 
7 11 5.2 3.63 0 
7 11 4.88 1.7 0 
7 11 3.12 0.89 0 
7 11 3.63 0.85 0 
7 11 4.14 1.09 0 
7 11 2.48 1.01 0 
7 12 8.08 2.74 0 
  
321 
Site Rock Width (mm) Depth (mm) Merged 
7 12 7.63 2.95 0 
7 12 6.35 2.52 0 
7 12 5.75 2.01 0 
7 12 5.37 2.1 0 
7 12 4.84 2.85 0 
7 12 3.25 1.7 0 
7 13 5.06 1.69 0 
7 13 4.42 2.37 0 
7 13 3.95 1.62 0 
7 13 3.29 2.95 0 
7 13 3.59 2.36 0 
7 13 1.62 2.16 0 
7 13 2.76 0.61 0 
7 14 7.95 2.37 0 
7 14 5.76 2.93 0 
7 14 6.49 2.26 1 
7 14 4.01 4.43 0 
7 14 5.04 2.65 0 
7 14 3.26 2.86 0 
7 14 2.37 1.63 0 
7 15 25.18 3.59 1 
7 15 9.03 3.18 0 
7 15 10.63 2.04 0 
7 15 8.28 2.47 0 
7 15 6.49 2.66 0 
7 15 7.59 2.23 0 
7 15 3.05 1.18 0 
7 16 8.77 2.67 0 
7 16 4.79 1.52 0 
7 16 3.65 2.32 0 
7 16 5.71 2.2 0 
7 16 3.91 1.65 0 
7 16 5.81 2.02 0 
7 16 2.05 0.74 0 
7 17 5.88 4.65 0 
7 17 5.05 2.81 0 
7 17 4.88 2.18 0 
7 17 4.45 2.43 0 
  
322 
Site Rock Width (mm) Depth (mm) Merged 
7 17 4.01 1.61 0 
7 17 3.4 1.99 0 
7 17 2.57 1.26 0 
7 18 24.49 5.23 1 
7 18 7.07 4.21 0 
7 18 6.95 4.31 0 
7 18 9.32 4.47 0 
7 18 7.65 3.54 0 
7 18 5.6 2.68 0 
7 18 2.69 1.3 0 
7 19 8.54 3.91 0 
7 19 5.69 2.38 0 
7 19 4.7 2.5 0 
7 19 3.98 2.37 0 
7 19 3.3 1 0 
7 19 4.05 2.15 0 
7 19 2.93 1.68 0 
7 20 18.23 4 1 
7 20 6.48 2.83 0 
7 20 5.48 3.03 0 
7 20 7 2.29 0 
7 20 5.13 1.72 0 
7 20 7.01 2 0 
7 20 2.3 0.52 0 
7 21 10.36 4.51 1 
7 21 3.97 2.14 0 
7 21 3.79 2.57 0 
7 21 3.15 1.02 0 
7 21 3.38 1.78 0 
7 21 3.67 2.2 0 
7 21 2 1.46 0 
7 22 6.55 1.97 0 
7 22 6.34 2 0 
7 22 3.77 2.49 0 
7 22 4.09 1.49 0 
7 22 3.41 2.3 0 
7 22 5.85 2.1 0 
7 22 2.32 1.42 0 
  
323 
Site Rock Width (mm) Depth (mm) Merged 
7 23 6.96 3.49 0 
7 23 5.24 3.18 0 
7 23 5.19 2.36 0 
7 23 4.61 1.8 0 
7 23 6.38 3.24 0 
7 23 5.5 1.65 0 
7 23 2.73 1.71 0 
7 24 6.39 2.18 0 
7 24 4.95 2.57 0 
7 24 5.64 3.04 0 
7 24 5.73 2.89 0 
7 24 4.01 2.74 0 
7 24 4.31 2.93 0 
7 24 2.63 1.47 0 
7 25 6.02 3.55 0 
7 25 5.29 2.82 0 
7 25 4.41 2.37 0 
7 25 3.17 1.66 0 
7 25 3.76 1.52 0 
7 25 3.38 2.48 0 
7 25 2.25 0.88 0 
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Table D.9. 2011-2012 season weathering pit measurements. Max. columns are measurements of the largest pit on the rock; Min. 
columns are of the smallest. Merged column equals 1 if the pit represented 2 or more pits merged together, 0 if not. 1, 2, and 3 are 
average sized pits. The Merged column at the end of the table is blank if none of pits 1, 2, or 3 represent merged pits, or lists the 
pit numbers if so. 
 
Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
1 1 4.44 1.41 0 1.46 0.46 2.01 0.67 2.72 1.68 2.26 0.51  
1 2 6.62 1.75 0 1.3 -- 3.5 0.51 2.46 0.28 4.63 1.59  
1 3 9.11 2.54 1 1.58 -- 3.49 1.97 3.85 0.95 2.73 1.65  
1 4 6.7 3.23 0 1.85 -- 3.85 2.27 3.95 2.27 3.17 2.24  
1 5 9.62 3.39 1 1.5 -- 5.7 2.85 3.6 2.49 3.42 2.75  
1 6 5.47 4.16 0 1.53 -- 2.85 0.78 3.69 2.09 2.48 1.38  
1 7 6.28 1.7 1 2.21 -- 4.05 2.04 4.62 1.63 3.22 0.61  
1 8 13.86 2.85 1 1.6 -- 3.72 1.01 6.04 1.92 4.39 1.49  
1 9 10.93 4.05 1 1.4 -- 5.78 3.79 3.8 2.73 6.51 3.3  
1 10 8.12 2.1 1 1.24 -- 4.46 1.39 2.3 0.63 3.21 1.02  
1 11 3.34 1.16 0 0.79 -- 2.08 0.54 3.3 0.95 2.26 0.54  
1 12 5.85 2.88 1 2.07 -- 4.02 2.64 2.85 1.15 2.78 1.25  
1 13 20.09 2.46 0 1.84 -- 4.85 1.18 4.66 2.23 2.26 0.86  
1 14 9.02 2.49 1 1.43 -- 4.62 2.85 3.44 1.93 3.21 1.33  
1 15 10.79 6.02 0 1.3 -- 8.6 3.11 6.7 3.25 7.01 2.23  
1 16 7.36 2.02 0 1.24 -- 3.45 2 3.11 2.1 2.33 1.67  
1 17 4.12 1.64 0 1.03 -- 1.94 0.43 2.77 0.84 1.63 0.75  
1 18 6.44 1.79 0 1.57 -- 3.42 0.79 5.45 1.45 3.98 0.76  
1 19 6.71 1.99 0 1.85 -- 5.39 2.2 4.36 1.21 4.75 1.05  
1 20 8.17 2.32 0 0.68 -- 4.27 1 3.24 0.9 3.45 1.22  
1 21 3.85 1.22 0 1.55 -- 2.79 1.62 2.17 0.78 2.24 1.88  
1 22 5.95 1.7 0 1.67 -- 2.87 1.29 2.7 0.54 2.57 0.69  
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
1 23 9.73 2.69 1 1.6 -- 5.48 2.13 4.05 2.22 4.41 1.62  
1 24 4.56 1.74 0 1.72 -- 2.77 1.23 4.49 2.59 2.63 0.91  
1 25 4.17 1.63 0 1.26 -- 3.19 1.04 3.31 0.88 2.07 0.77  
2 1 18.03 4.86 1 1.08 -- 6.07 2.9 5.38 1.76 4.44 1.72  
2 2 14.23 2.01 1 1.21 -- 3.45 2.09 3.5 2.17 3.22 0.86  
2 3 16.73 3.5 1 1.51 -- 7.85 3.32 3.73 1.24 5.87 3.83  
2 4 5.56 3.52 0 1.71 -- 3.22 4.82 3.28 2.46 3 0.89  
2 5 9.12 1.94 1 1.16 -- 4.84 1.36 3.06 0.56 2.79 0.9  
2 6 5.37 1.99 0 1.56 -- 3.15 0.81 3.43 1.43 2.85 1.3  
2 7 6.79 1.33 0 1.24 -- 2.89 1.11 3.59 1.06 3.08 0.83  
2 8 10.18 3.39 0 1.99 -- 4.33 3.08 3.61 1.22 5.05 1.67  
2 9 9.27 2.67 1 1.24 -- 3.38 1.72 5.38 2.17 3.69 1.31  
2 10 15.56 2.39 1 1.62 -- 5.08 2.19 4.24 1.77 5.71 3.55  
2 11 6.9 3.81 0 1.54 -- 3.1 1.75 3.54 2.03 2.44 0.96  
2 12 8.26 1.93 1 1.63 -- 5.03 2.22 3.5 0.79 4.35 1.47  
2 13 6.19 1.23 0 1.54 -- 4.37 0.88 3.67 0.99 3.62 0.82  
2 14 10.75 3.7 0 1.73 -- 6.18 2.92 2.5 0.28 3.78 1.45  
2 15 10.41 3.86 0 1.44 -- 5.97 2.68 4.85 1.36 5.23 2.46  
2 16 19.01 2.71 1 1.7 -- 6.75 3.98 6.75 2.5 4.84 1.86  
2 17 10.77 3.51 0 1.39 -- 3.97 1.15 3.01 0.87 3.92 0.87  
2 18 5.31 0.98 0 1.64 -- 3.52 1.13 2.85 1.07 2.86 0.83  
2 19 6.89 1.85 0 1.49 -- 3.58 1.84 3.45 2.11 3.53 2  
2 20 52.16 4.45 1 1.81 -- 3.85 1.62 11.57 1.59 7.22 0.94 2,3 
2 21 6.56 2.51 0 2.25 -- 4.94 3.1 3.04 2.37 2.8 1.71  
2 22 15.63 4.51 1 1.43 -- 6.32 2.45 4.11 2.73 5.49 1.78  
2 23 23.47 8.03 1 1.77 -- 7.01 3.7 3.98 2.25 4.11 3.36  
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
2 24 14.44 6.59 1 1.33 -- 9.53 4.86 3.61 4.45 3.13 3.42  
2 25 17 1.77 1 1.39 -- 5.46 1.59 3.97 1.08 4.56 1.94  
3 1 3.84 3.03 0 0.64 -- 1.51 0.5 1.91 1.44 1.65 0.94  
3 2 3.52 1.94 0 0.72 -- 1.85 -- 1.38 -- 1.73 --  
3 3 20.26 4.08 1 1.74 -- 11.67 3.38 8.19 3.75 7.95 2.7  
3 4 10.61 3.86 0 2.66 -- 6.22 1.63 5.55 2.39 4.52 0.6  
3 5 10.7 3.41 0 1.06 -- 6.66 2.96 4.45 1.71 3.79 1.58  
3 6 5.62 2.52 0 1.54 -- 4.38 0.95 2.98 0.65 4.1 0.71  
3 7 16.1 2.59 1 0.76 -- 8.79 2.75 6.65 3.01 5.6 2.48  
3 8 3.66 1.31 0 0.92 -- 2.69 -- 2.87 -- 3.51 1.11  
3 9 45.06 9.06 0 3.18 1.17 7.54 4.51 15.17 8.85 13.5 10.2  
3 10 34.54 27.01 0 1.93 -- 4.62 1.74 6.52 2.87 5.9 2.77  
3 11 18.21 8.28 0 1.61 -- 6.42 4.54 4.6 2.06 2.41 2.12  
3 12 12.77 2.07 1 0.84 -- 6.1 2.78 6.42 3.63 8.42 2.48  
3 13 5.33 1.35 0 1.49 -- 3.53 0.77 2.3 0.73 4.86 0.83  
3 14 31.28 10.11 0 2.08 1.07 5.02 2.33 4.07 3.16 7.8 3.77  
3 15 9.67 2.66 1 1.31 -- 7.56 1.66 2.64 0.63 6.87 0.44  
3 16 3.04 1.07 0 1.06 -- 2.64 1.36 4.45 1.37 2.74 1.9  
3 17 20.04 6.99 0 1.54 -- 14.95 8.52 6.12 5 17.48 6.74  
3 18 32.21 14.75 0 4.82 3.64 38.02 14.23 42.39 11.12 20.58 7.33  
3 19 36.4 7.61 1 1.5 -- 12.19 3.29 11.73 5.32 23.1 4.72  
3 20 4.41 1.9 0 1.43 -- 4.03 2.08 3.79 1.22 4.45 1.59  
3 21 49.63 14.14 1 2.3 -- 6.78 2.19 6.14 3.19 5.46 2.61  
3 22 29.3 9.24 0 1.74 -- 13.72 8.1 4.43 2.77 11.75 5.75  
3 23 9.43 3.42 0 1.73 -- 4.49 2.49 7.16 2.11 6.76 2.14  
3 24 29.04 17.67 1 1.5 -- 9.78 2.63 22.34 3.91 6.42 3.69 2 
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
3 25 78.11 8.12 0 1.22 -- 23.39 5.6 48.4 6.73 18.57 4.87  
4 1 12.71 1.27 0 1.83 -- 4.12 0.82 4.53 2.25 3.31 1.63  
4 2 8.64 1.23 0 0.91 -- 3.22 1.5 9 1.34 3.03 1.44  
4 3 12.2 8.11 0 1.73 -- 3.28 1.11 4.92 2.05 4.37 2.72  
4 4 7.71 3.28 0 1.12 -- 5.28 2.41 7.13 2.74 5.1 1.8  
4 5 14.87 4.62 0 1.56 -- 5.99 2.84 6.7 2.98 5.68 2.84  
4 6 16.02 0.67 0 2.55 -- 5.4 0.62 7.04 3.01 4.2 1.09  
4 7 37.53 18.46 0 2.69 -- 8.3 2.61 5.44 2.07 6.43 3.48  
4 8 36.34 10.07 1 7.15 5.65 11.89 3.79 10.58 6.07 10.84 2.77 2 
4 9 26.06 2.98 1 2.03 -- 10.07 2.23 12.96 3.32 7.13 1.81  
4 10 19.68 3.2 1 1.56 -- 4.72 4.11 5.48 2.15 3.93 1.3  
4 11 11.1 3.77 0 1.51 -- 9.17 4.43 3.57 2.32 2.99 1.65  
4 12 33.97 5.94 1 1.82 -- 6.1 1.7 5.55 1.97 9.81 2.72  
4 13 19.77 4.5 1 3.83 1.76 6.92 1.75 6.93 3.57 7.96 1.87  
4 14 24.68 12.22 1 2.2 -- 9.1 3.14 9.43 3.65 9.74 5.1  
4 15 18.42 5.87 0 1.38 -- 2.89 -- 1.72 -- 3.05 --  
4 16 6.24 3.66 0 1.35 -- 2.65 2.11 2.96 1.12 2.52 1.82  
4 17 4.78 1.06 0 1.05 -- 2 -- 2.49 -- 2.12 --  
4 18 27.07 11.66 0 1.85 -- 5.86 2.81 6.45 2.69 5.91 2.87  
4 19 24.97 7.05 0 2.32 -- 5.98 3.8 6.23 3.75 4.17 1.53  
4 20 21.74 7.28 0 2.19 -- 10.83 6.12 7.38 3.35 5.99 1.82  
4 21 15.87 3.26 1 2.34 -- 4.59 1.55 3.33 1.52 4.55 2.04  
4 22 18.33 2.67 1 1.75 -- 5.38 2.04 5.35 0.65 5.55 2.77  
4 23 44.1 8.84 1 2.01 -- 11.77 4.91 11.45 3.64 7.39 3.57  
4 24 7.77 3.03 0 1.42 -- 2.78 0.6 3.82 0.78 3.74 0.64  
4 25 48.38 30.54 0 5.34 5.57 17.15 7.6 13.43 5.44 9.98 8.79  
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
5 1 40.76 26.79 0 8.53 6.07 22.43 12.91 28.72 13.63 28.77 12.77  
5 2 11.04 1.76 1 0.72 -- 3.39 1.59 2.65 1 2.97 0.86  
5 3 43.89 25.84 0 14.54 10.27 18.69 11.09 19.69 25.28 22.33 12.18  
5 4 5.49 0.97 0 0.95 -- 2.84 -- 1.95 -- 4.15 1.13  
5 5 6.07 2.33 0 1.78 -- 2.05 -- 2.89 -- 2.36 --  
5 6 6.06 1.45 0 0.81 -- 1.24 -- 1.66 -- 1.42 --  
5 7 3.26 1.36 0 0.42 -- 1.53 -- 2.12 -- 1.55 --  
5 8 12.1 7.52 0 1.4 -- 4.12 2.14 3.9 2.07 3.15 4.95  
5 9 6.37 2.34 0 1.09 -- 2.23 -- 2.19 -- 2.8 --  
5 10 8.3 1.84 1 1.78 -- 3.81 -- 4.92 2.03 3.7 1.37  
5 11 22.45 6.89 0 4.79 2.24 11.95 3.4 8.32 3.51 8.75 2  
5 12 7.69 1.39 0 0.85 -- 2.91 1.33 3.28 -- 3.45 1.17  
5 13 5 1.3 0 1.29 -- 2.65 -- 1.84 -- 1.6 --  
5 14 6.41 1.66 0 1.69 -- 3.17 1.56 3.23 0.66 3.68 1.01  
5 15 4.61 2.27 0 0.92 -- 1.73 1 1.45 -- 1.73 --  
5 16 3.43 2.58 0 1.24 -- 2.61 -- 1.72 -- 2.99 1.52  
5 17 3.62 1.36 0 0.87 -- 1.66 -- 2.56 -- 2.75 --  
5 18 2.21 -- 0 0.79 -- 1.26 -- 1.81 -- 1.28 --  
5 19 5.4 1.37 0 1.17 -- 2.6 -- 1.87 -- 2.71 --  
5 20 38.77 13.43 0 5.44 2.98 16.32 3.69 10.65 2.83 22.23 8.98  
5 21 19.25 1.13 0 2.7 -- 6.5 0.77 3.63 1.6 6.69 2.02  
5 22 6.07 2.05 0 1.28 -- 3.17 -- 2.19 -- 2.3 --  
5 23 6.82 2.88 0 1.67 -- 2.41 -- 1.78 -- 2.55 --  
5 24 3.1 2.44 0 1.43 -- 5.48 1.78 3.89 1.45 4.73 1.36  
5 25 7.47 2.06 0 0.76 -- 4.42 2.03 3.44 -- 4.37 2.46  
6 1 36.9 16.8 1 9.72 6.11 19.75 20.04 15.41 7.88 23.34 11.46  
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
6 2 77.71 34.64 0 6.49 3.52 50.47 14.47 24.66 8.9 37.94 15.45  
6 3 5.14 1.71 1 1.27 -- 2.47 -- 2.38 -- 1.64 --  
6 4 17.05 2.67 1 1.7 -- 6.79 3 4.5 1.79 2.74 1.2 1 
6 5 23.4 7.35 0 1.8 -- 11.19 3.17 6.06 2.14 3.57 1.25  
6 6 6.23 1.9 0 1.01 -- 3.71 0.85 3.01 1.22 3.62 --  
6 7 10.16 2.54 0 1.09 -- 4.57 2.44 4.61 0.91 4.5 1.12  
6 8 12.48 4.28 0 1.55 -- 4.84 3.34 4.9 1.95 4.77 3.52  
6 9 6.14 2.69 0 1.62 -- 3.19 1.44 3.1 0.79 2.9 --  
6 10 8.82 2.86 1 0.96 -- 2.08 -- 2.78 -- 2.99 1.9  
6 11 13.03 7.3 0 1.15 -- 2.45 -- 3.92 1.6 2.43 --  
6 12 7.66 2.54 0 1.91 -- 2.66 1.48 3.98 1.43 3.88 3.26  
6 13 47.31 18.82 0 2.4 1 35.42 22.99 30.48 9.38 26.65 9.64  
6 14 47.19 29.16 0 8.72 3.79 22.55 8.59 16.7 3.9 25.41 6.35  
6 15 12.29 5.98 0 1.99 -- 3.05 3.18 4.53 2.06 3.93 1.48  
6 16 26.45 10 1 2.06 -- 10.09 6.88 11.07 3.8 11.67 5.45  
6 17 44.71 11.08 1 1.94 -- 9.93 4.78 8.41 4.04 9.71 2.15  
6 18 77.53 30.32 1 6.66 3.6 27.3 8.45 27.57 9.95 18.42 4.68  
6 19 6.7 2.55 0 2.14 -- 5.78 1.15 4.5 2.71 4.13 1.31  
6 20 40.25 15.86 1 2.96 -- 11.04 4.87 14.42 5.14 11.83 5.6  
6 21 7.07 2.67 0 1.96 -- 4.6 3.4 5.36 2.7 4.7 2.11  
6 22 9.38 4.47 0 1.46 -- 2.04 -- 5.25 2.54 4.46 2.16  
6 23 15.89 4.29 0 1.56 -- 5 2.43 6.28 2.41 4.53 2.19  
6 24 17.82 5.99 0 2.01 -- 4.88 1.86 8.26 1.65 4.28 2.02  
6 25 15.55 4.72 0 1.72 -- 2.56 -- 3.22 1.28 4.28 0.97  
7 1 9.12 5.2 0 0.53 -- 1.85 -- 1.75 -- 2.77 --  
7 2 4.14 3.05 0 0.86 -- 1.72 -- 3.11 -- 2.08 --  
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
7 3 9.92 2.25 1 0.86 -- 6.02 1.75 4.34 1.89 3.96 2.22  
7 4 42.6 6.31 1 2.89 0.89 15.59 5.69 16.46 6.42 16.05 7.31  
7 5 14.85 3.99 0 1.56 -- 2.73 0.4 3.22 0.98 3.75 1.43  
7 6 9.68 5.72 0 1.34 -- 6.11 1.95 5.01 2.28 4.94 2.23  
7 7 15.22 3.83 1 1.27 -- 6.22 2.4 4.26 0.82 4.3 1.54  
7 8 5.28 2.88 0 0.88 -- 2.67 0.67 3.3 0.73 3.82 0.71  
7 9 9.21 25.42 0 2.55 -- 4.88 10.2 4.2 3.29 4.13 3.21  
7 10 10.64 1.33 1 1.22 -- 2.26 0.43 3.33 0.34 2.95 1.02  
7 11 79.66 28.66 0 9.13 4.11 41.88 18.63 23.42 9.74 42.39 19.17  
7 12 6.05 1.65 0 1.52 -- 2.34 -- 1.68 -- 2.5 --  
7 13 13.32 1.95 0 1.26 -- 7.67 1.75 5.65 1.34 5.12 1.52  
7 14 7.38 3.24 0 1.37 -- 5.65 2.81 4.19 1.51 3.75 1.15  
7 15 14.26 3.06 0 1.09 -- 3.29 0.76 3.03 0.75 3.23 0.72  
7 16 19.57 2.08 1 3.53 0.45 8.87 1.77 6.84 1.15 9.77 1.25  
7 17 7.15 1.06 0 1.66 -- 3.74 0.8 2.99 1.15 2.26 --  
7 18 23.01 1.68 0 1.42 -- 4.77 1.86 13.31 2.33 7.49 1.49  
7 19 28.6 9.84 0 3.52 1.4 12.52 7.62 11.43 7.14 12.88 11.82  
7 20 53.48 12.62 1 3.19 0.21 10.74 5.08 6.2 3.68 6.08 4.78  
7 21 5.82 1.92 0 1.15 -- 3.83 1.55 3.16 0.26 3.05 1.02  
7 22 25.43 8.6 0 3.7 2.03 13.15 6.65 12.19 6.39 13.98 2.13  
7 23 20.4 4.04 1 2.86 0.84 7.24 2.5 5.04 2.12 8 2.44  
7 24 11.85 2.23 0 2.18 -- 3.86 1.66 6.11 2.91 4.4 1.43  
7 25 9.7 2.12 0 1.29 -- 4.55 0.88 3.25 1.33 4.93 1.65  
8 1 8.14 1.7 0 1.42 -- 5.45 2.08 4.1 1.87 3.41 1.85  
8 2 13.24 3.51 1 1.26 -- 8.16 2.17 6.69 2.01 3.8 1.3  
8 3 14.4 6.89 1 2.14 -- 6.57 4.96 6.62 2.22 9 3.27  
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Site Sample Max. Pit Width 
Max. Pit 
Depth Merged 
Min. Pit 
Width 
Min. Pit 
Depth 
1 
Width 
1 
Depth 
2 
Width 
2 
Depth 
3 
Width 
3 
Depth Merged 
8 4 7.33 4.44 0 1.69 -- 6.98 2.27 6.57 1.81 5.07 2.02  
8 5 12.6 2.19 1 0.61 -- 3.31 1.67 7.08 3.67 4.72 1.42  
8 6 15.35 4.45 0 0.79 -- 6.8 4.21 4.62 1.81 5.98 2.17  
8 7 14.16 2.4 0 2.19 -- 6.57 1.28 7.45 1.54 4.73 1.43  
8 8 5.95 4.27 0 1.56 -- 4.56 2.45 4.06 1.05 3.48 2.75  
8 9 27.86 9.04 1 1.89 -- 17.85 4.4 4.84 2.18 10.06 6.94 1 
8 10 18.49 1.06 1 0.34 -- 5.67 1.61 4.14 0.93 2.56 0.85  
8 11 49.73 3.28 1 2.15 -- 20.95 2.46 21.18 2.93 33.96 2.97 3 
8 12 20.09 1.65 1 1.41 -- 8.45 1.89 6.83 1.49 3.49 1.31  
8 13 49.61 39.07 0 7.13 2.16 39.8 31.7 54.42 9 35.43 8.12  
8 14 22.14 1.75 1 1.49 -- 10.45 2.74 4.86 1.05 4.63 1.68  
8 15 10.1 4.08 0 1.57 -- 9.32 4.44 9.28 3.97 5.82 3.55  
8 16 14.71 4.98 1 1.49 -- 9.3 6.36 8.96 8.13 4.49 3.45  
8 17 28.96 11.84 0 1.19 -- 11.71 6.14 5.18 5.65 10.29 3.97  
8 18 15.52 10.03 0 1.29 -- 8.09 5.97 6.65 5.01 8.62 4.39  
8 19 16.35 3.8 1 1.88 -- 8.72 3.56 5.92 3.41 7.5 3.1  
8 20 25.09 11.05 0 2.08 -- 10.2 6.02 5.93 7.51 14.02 5.94  
8 21 48.47 14.64 0 1.26 -- 9.84 3.28 17.14 6.3 12.06 6.9  
8 22 57.24 9.73 1 0.72 -- 8.51 7.16 5.46 6.72 8.57 7.11  
8 23 13.59 8.3 0 1.42 -- 12.26 4.63 8.3 4.96 7.26 2.47  
8 24 12.78 4.22 0 0.83 -- 6.43 2.51 4.36 3.47 5.72 2.82  
8 25 57.05 28.3 1 2.05 -- 20.59 11.73 24.53 14.16 8.79 4.43  
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